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DETECTION OF TRANSIENTS IN 
NUCLEAR SURVEILLANCE-COUNTING CHANNELS 

by 

K. G. Porges 

ABSTRACT 

In certain nuclear- instrumentat ion problems, one must detect short 
excursions in a normally quasi-constant input count ra te . This report re
views a number of such "transient detection" systems and descr ibes in 
some detail one par t icular application, fuel-failure monitoring in connection 
with high-power density reactor cores . The instrument generaUy incor
porates a "filter" which must be arranged to optimize the display of the 
t ransient , or (where the channel output is used to actuate an alarm) to re 
sult in a specified detection efficiency and acceptable fa lse-a larm frequency, 
in conjunction with an acceptable announcement delay. 

This report d iscusses the design of such a filter and gives formulas 
for estimating the fa lse-a larm frequency at a specified detection efficiency. 
An elementary formula turns out to be of dubious reliability when the normal 
background rate is low enough to yield only very few pulses within a t ime-
span defined by the "mennory" of the filter, A more precise formula is 
derived for such cases . 

« 
Where the fa lse-a larm frequency cannot be reliably reduced to an 

acceptable value and several independent detector channels are available, 
certain logic networks can yield improvements . A number of such logic 
interfaces a re discussed and appropriate fa lse-a larm frequencies derived. 

In connection with the optimum filtering problem, the beneficial effect 
of pulse-shape symmetrizat ion is considered in detail, A simple digital 
channel is described which should provide improved performance parame
te r s with considerably better long-term reliability than conventional analog 
equipment. 

I, INTRODUCTION 

In general t e r m s , the detection of t ransients in a surveillance or 
search system implies timely warning that a normal l / ra re event of a par
t icularly interesting or possibly dangerous nature has occurred. Examples 
of this type of situation abound in many fields of science and technology. 
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f „l. ,rh a r e not r ead i ly d i s c u s s e d m the open l i t e r a t u r e . The s u b j e c t 
: f T h l s epor t m T h t have L e n c o n s i d e r e d in m a n y d i f fe ren t c o n t e x t s m 
spec a l ized or c lass i f i ed r e p o r t s . M o r e g e n e r a l t r e a t m e n t s h a v e ch ie f ly 
s p e c i a l i s e , ,. „„ 1 TVip s t a t i s t i c s of count c h a n n e l s , on ttie 
omnhas ized r a d a r appl ica t ions i n e s i a i i s n c o wx ^ 

Z r h i : : a r e d e a u ' w i t h in a thorough but l i m i t e d ^ . ^ ^ ^ J I r / r t c 1 e s 
on s tochas t i c p r o c e s s e s , - ^ as wel l as m o r e — / " ^ V - books and a r t i c l e s 
on nuc l ea r i n s t rumen ta t i on , w h e r e the o p e r a t i o n of " - "^ -^ ' ^^^ ' ^^^^^^^^^^ 
usua l ly d i s c u s s e d without c o n s i d e r a t i o n of r e s p o n s e to s h o r t t r a n s i e n t s , 
Som what m o r e specif ic t r e a t m e n t s of the f a l s e - a l a r m p r o b l e m m a n u c l e a r -
! r v e i U a n c e channel have a p p e a r e d , ' b a s e d on the w e l l - k n o w n t r e a t m e n t of 
the z e r o - c r o s s i n g r a t e of r a n d o m no i se by R ice . 

A. Genera l Desc r ip t ion of E v e n t - r a i e T r a n s i e n t Moni to r 

In a typical t r a n s i e n t - d e t e c t i o n s y s t e m of the type c o n s i d e r e d in th i s 
r e p o r t , pu l s e s of s h o r t dura t ion a r e obta ined f rom one or m o r e n u c l e a r -
rad ia t ion d e t e c t o r s which scan a s o u r c e of such r a d i a t i o n c o n t i n u o u s l y . 
Under n o r m a l condi t ions , the s o u r c e is a s s u m e d to v a r y r e l a t i v e l y s lowly 
in t ime or r e m a i n cons tan t but to i n c r e a s e s t rong ly for a r e l a t i v e l y s h o r t 
t ime when the event to be de tec ted o c c u r s The channe l count r a t e t hus 
cons i s t s of a c e r t a i n q u a s i - c o n s t a n t background with a s u p e r p o s e d t r a n s i e n t 
s ignal . Other ex t r aneous background due to unwanted d e t e c t o r p u l s e s o r 
e l ec t ron ic no i se can usua l ly be r e m o v e d by p u l s e - h e i g h t d i s c r i m i n a t i o n , * 

The pu l s e s de l i ve red by the p u l s e - h e i g h t d i s c r i m i n a t o r , s t i l l s h o r t 
but of s t anda rd height and dura t ion , a r e then fed to a p r o c e s s o r , wh ich con 
v e r t s this digi tal input into an analog output In the a b s e n c e of a t r a n s i e n t , 
the output f luctuates in a way d e t e r m i n e d by the r e s p o n s e of the p r o c e s s o r 
to the P o i s s o n f luctuat ions of the input count r a t e . A t r a n s i e n t (which m a y 
have a c e r t a i n c h a r a c t e r i s t i c s t r u c t u r e ) i s c o r r e s p o n d i n g l y d i s t o r t e d by the 
p r o c e s s o r . 

In a l m o s t any of the app l i ca t ions of t r a n s i e n t m o n i t o r i n g m e n t i o n e d 
in Section II (to which no doubt, m a n y o the r e x a m p l e s could be added) , the 
expected t r a n s i e n t s may be m u c h m o r e i n t e n s e than the b a c k g r o u n d , * * The 
re l i ab i l i ty of de tec t ion m a y then be r e a d i l y m a d e so high tha t any d i s c u s s i o n 
of f i l ter r e s p o n s e or s t a t i s t i c s of de t ec t i on would be e n t i r e l y s u p e r f l u o u s . 
F o r o ther s i tua t ions , however , t r a n s i e n t s , s o m e w h a t l e s s i n t e n s e in c o m 
p a r i s o n with background, m a y o c c u r wi th d i f fe ren t s h a p e s , f r o m which s o m e 
thing can be l e a r n e d r e g a r d i n g the s o u r c e . It is then ev iden t ly p r o f i t a b l e to 
inves t iga te f i l ter r e s p o n s e with a view of e m p h a s i z i n g s h a p e d i f f e r e n c e s 

Where there is no extraneous background problem, the nuclear-radiation detector may be arranged to deliver 
a current directly into a wide-passband amphfier, whjch thus becomes the signal processor. Tlus arrange
ment exhibits essentially the same staustical behavior as the pulse system described here. 

**As a typical example, the background may be due to "dark current" in a photomuluplier, while the transients 
are short but relatively intense light flashes, as the photomultiplier scans a perforated mask over a light 
source. 
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while minimizing random background fluctuations, so that the recorded out
put may more readily reveal the "signature" of certain events In many 
transient-detect ion applications, the attention of operating personnel is 
usually engaged by other ins t ruments . This situation calls for an a larm (of 
some sort) , which goes into action whenever the analog output exceeds a 
certain set level. Similarly, in an a rea scan (as in the example given 
ear l ie r ) the t ransients essentially actuate an a larm, which reg is te rs the 
coordinates through some mechanism coupled to the drive. 

B, Performance P a r a m e t e r s of Alarnn System 

The use of an a larm discr iminator makes the per lormance of the 
system amenable to quantitative evaluation in ter ins of statist ical or infor
mation theory. The detection probability, for example can be calculated 
from the set level and filter response, to the extent that the intensity and 
duration of the transient can be reliably estimated. Inevitably, the level will 
be occasionally exceeded by a large background fluctuation, the correspond
ing fa lse-a larm frequency can also be calculated. (This does not include 
such other sources of noise as electr ical pickup, intermittent breakdown, 
and other nnalfunctions, which may often be a major source of difficulty, but 
cannot be considered as inevitable.) A third performance index is the speed 
of detection or corresponding announcement delay between event and a larm. 
This parameter , which depends on the a larm level, transient intensity, and 
filter response, is important in high-speed area scanning, where it can intro
duce a speed-dependent slewing of the coordinate. It is even more obviously 
innportant in safety-type monitoring, where an event that gives r ise to a 
transient could be connected with the onset of serious trouble, 

% 
These three perfornnance pa ramete r s (detection probability false-

alarm frequency, and announcement delay) are evidently interrelated and 
together depend on the three input variables, mean background rate, 
t ransient intensity, and transient duration, as well as on the instrument 
pa ramete r s ; filter frequency response and a larm level. The performance 
pa ramete r s a re moreover limited to a certain range through practical con
siderat ions; this simplifies somewhat the task undertaken in this report of 
finding approximate equations which describe the performance of t ransient-
detection sys tems . Regarding the detection probability, for example, one 
may safely exclude efficiencies below, say, 90%. On the other hand, detec
tion probabili t ies over 99% are demanded only for some special missions 
and can often be achieved only by allowing a rather high fa l se-a la rm fre
quency. The lat ter pa ramete r is somewhat dependent on the possible de-
ploynnent of several t ransient-detect ion systems (of which one, used for 
tinnely warning, may have a rapid response, while others , through partial 
integration, may have an inherently lower fa l se -a la rm frequency and at the 
sanne time slower response). Aside from such considerations, the general 
rule is that the product of fa l se -a la rm frequency and mean operating tinne 
of the systenn must be much less than the number of t ransients (for a rea 
scannine) or somewhat less than unity (for safety nnonitoring) For scanning 
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s y s t e m s , the announcement delay m u s t be s o m e w h a t s m a l l e r than the d u r a 
tion of the t r a n s i e n t . F o r safety m o n i t o r i n g , th is de l ay can be def ined only 
with s o m e knowledge of the m e c h a m s m s th rough which d i r e c o n s e q u e n c e s 
m a y develop f rom the cause of the t r a n s i e n t . S ince such knowledge is often 
not ava i lab le , the de tec t ion delay m a y g e n e r a l l y be se t at a t i m e not e x c e e d 
ing o ther de lays in the ove ra l l s y s t e m (e ,g . , m e a n t r a n s p o r t t i m e s f r o m 
co re to de tec to r in r e a c t o r safety i n s t a l l a t i o n s ) . 

In this r e p o r t , p e r f o r m a n c e p a r a m e t e r s will be a s s u m e d to be c o n 
fined within t he se p r a c t i c a l l i m i t s . To avoid undue c o m p l e x i t y , we u s e the 
s i m p l e s t t r a n s i e n t mode l , an abrupt i n c r e a s e in count r a t e of u n i f o r m in 
tens i ty , ceas ing abrupt ly after a t ime T. In the s a m e vein, only the s i m 
p le s t , r ead i ly i m p l e m e n t e d f i l t e r s a r e t r e a t e d exp l ic i t ly , (The d i s c u s s i o n 
inc ludes , however , a t r e a t m e n t of logic p r o c e s s i n g of s e v e r a l c h a n n e l s . ) 
With these r u d i m e n t a r y mode l a s s u m p t i o n s , s t r a i g h t f o r w a r d r e l a t i o n s b e 
tween the p e r f o r m a n c e p a r a m e t e r s a r e ob ta ined which one e x p e c t s to be 
valid in the l imi t of ve ry l a r g e va lues of the s t a t i s t i c a l p a r a m e t e r nT j , 
(n = n o r m a l background r a t e , T^, = r e p r e s e n t a t i v e f i l te r t i m e c o n s t a n t ) . 
Since, f u r t h e r m o r e , c e r t a i n c r i t e r i a for t r a n s i e n t de t ec t i on a r e o p t i m i z e d 
when T^ = T = t r a n s i e n t dura t ion , the a b o v e - m e n t i o n e d l i m i t i n g cond i t ion 
amounts to the s t ipula t ion that N, the n u m b e r of backg round coun ts d u r i n g 
the t r a n s i e n t , be l a r g e . This condit ion m a y b e m e t m c e r t a i n f a v o r a b l e c a s e s 
of t r a n s i e n t de tec t ion , but can only be a p p r o x i m a t e l y s a t i s f i ed in s o m e of the 
m o r e impor t an t app l i ca t ions . F o r t h e s e c a s e s , * t h e r e i s , s t r i c t l y s p e a k i n g , 
no r e l i ab le t r e a t m e n t ava i lab le , and the r e l a t i o n s b e c o m e app rox inna t ions 
that sugges t , r a t h e r than p r e s c r i b e , su i t ab l e c h o i c e s of f i l t e r c o n s t a n t s and 
a l a r m leve l . 

In the o rgan iza t ion of a t h e o r e t i c a l w o r k a i m i n g at spec i f i c p r a c t i c a l 
appl ica t ions , one has the choice of (1) p r e s e n t i n g all equa t i ons and then d i s 
cuss ing the i r appl icat ion and val idi ty in v a r i o u s p r a c t i c a l s i t u a t i o n s , o r 
(2) i n se r t i ng p r a c t i c a l d i g r e s s i o n s while developing the m a t h e m a t i c a l f r a m e 
work. The l a t t e r app roach is followed h e r e , m a i n l y to c l a r i f y the d i f f i cu l t i es 
encounte red in applying the equat ions j u s t w h e r e they would be p a r t i c u l a r l y 
helpful. The p r a c t i c a l example of t r a n s i e n t de t ec t i on m o s t f r e q u e n t l y r e 
f e r r e d to, which p rov ided the o r ig ina l m o t i v a t i o n for th i s w o r k , i s a p a r t i c u 
l a r type of r e a c t o r fuel f a i lu re m o n i t o r , the F E R D L (Fue l E l e m e n t R u p t u r e 
Detect ion Loop) of EBR- I I , d e s c r i b e d in s o m e de ta i l in R e f s . 8 and 9, F e a 
t u r e s of this s y s t e m having a speci f ic b e a r i n g on t r a n s i e n t d e t e c t i o n a r e 
d i s cus sed in Section II, 

The background rate may be low precisely because strenuous efforts have been expended to make it so. The 
fact that this also renders the application of statistical'theory questionable should not be interpreted as a 
denigration of such efforts: rather, it stresses the desirabihty of increasing the overall sensitivity, which may 
increase the background rate, but will increase the signal count even more. 



U, SPECIFIC TRANSIENT-DETECTION SYSTEMS 

The following brief survey of equipment systems that can be c lass i 
fied as t ransient detectors is linnited in principle to instrunnentation based 
on part icle or photon counters . Thus, the input is a se r ies of counts as 
described in Section I, Within that broad category, one may then further 
distinguish between area surveys and stationary transient detectors , 

A, Area-survey Systems 

Systenns belonging to the a rea -survey group have the task of locating 
stationary "sources" distributed over a certain area or perhaps volunne. 
To that end, a detector, equipped with a collimator or mask (and possibly 
accompanied by a prinnary source that st imulates emission), is made to 
nnove in a pattern that covers the area . At the sanne time, the coordinates 
of the nnask are kept t rack of; coordinate registrat ion is tr iggered by the 
"alarnn" device coupled to the transient detector. The relative intensities 
and spatial width of individual t ransients nnay also be required whereas the 
detailed shape of t ransients usually conveys no useful infornnation. Although 
an exhaustive listing of examples of this kind of systenn would be beyond the 
scope of this report , some typical applications conne readily to mind. F i rs t , 
there are surveying systems physically covering the ear th ' s surface or sub
surface, such as nnineral surveys, oil-well logging, nnine detection, or other 
nnilitary applications. Second, there are laboratory systenns in which a 
small object or photograph is scanned; this includes in vivo scanning, t rack-
plate scanning, cloud or bubble-chamber photograph scanning, and similar 
tasks. Finally, there may be applications in astronomy and allied fields. 
All these systems have a connmon character is t ic Direct relations exist 
between signal duration and sweep speed on the one hand and resolution 
and sweep speed on the other 

In favorable situations, the contrast between presence and absence 
of the "source" may be so strong at the highest practical sweep speed that 
there is no need to appeal to stat ist ical theory In still other practical 
situations, only qualitative infornnation nnay be sought. Hence, a ra ther 
primitive stat is t ical theory would be sufficient; areas of special interest 
nnay be then covered with repeated sweeps until a clear picture ennerges. 
However, it is also conceivable that the area to be covered is large, while 
very good resolution is required and the sweep speed can be readily in
creased. In that case, the detection probability and fa lse-a larm frequency 
for a certain sweep speed nnay well be of more than academic interest . 

B, Transient Detection for Warning or Safety 

Turning now to the second group of transient detectors , we find 
stationary sys tems largely employed for protection, t ransients thus innply 
danger and call for sonne sort of remedial action. The infornnation sought 
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„ * =̂r> „ , Hetailed shape of the transient, which i s - -
T : . i r a l t t h t e ' t T b r : r ^ r ? : : : ! m c L t r a s t to the systems con-
" d e r d above, there is no control over transient duration, nor can one 

e'u n for a s cond look. On the other hand, there may be more scope for 
elaborate and heavy instrumentation than for a vehicular system; for ex-
Imp e detectors Tan be readily multiplied up to a fairly ^^^^^^^^ '"^ ' 
As a single but important practical example of such a system we shall 
consider detection of fuel-cladding failure m nuclear power plants. 

In the first group of transient detectors, the required sweep speed 
played a decisive role in determining the relative significance of stat ist ical 
concepts for a given application. For fuel-failure detection, a s imilar role 
is played by the announcement delay allowed by the presumed consequences 
of a fuel failure. Thus, certain types of reactors tend to develop small leaks 
in the cladding, which do not immediately endanger the plant, merely r e 
sulting m the contamination of the coolant by fission products. One may 
then use detection systems that accumulate fission products from the coolant 
in some way, thus increasing sensitivity of detection by sacrificing speed. 
Such detectors are not actually transient detectors and can be designed and 
operated without applying statistical theory. In contrast, other types of 
reactors do not exclude the possibility of more violent cladding fai lures, 
which could conceivably result in a rapid proliferation of damage. Such 
plants evidently call for transient detection. 

Specification oi the maximum allowable announcement delay, as with 
many other considerations connected with safety, is largely a mat ter of 
policy. The formulation of this policy must consider (among other factors) 
the likelihood of certain kinds of cladding failure for a given type of fuel and 
the further likelihood of serious damage resulting from such failures. For 
the more advanced reactors, such estimates can be supported only by rather 
limited experience and test results; however, in general the speed of failure 
detection desirable for a given reactor design is directly correla ted with the 
power density. To argue this point, we suppose that a "catastrophic" failure 
of one fuel pin is conceivable which blocks adjacent coolant flow channels 
with debris. At a power density of the order of 1 kW/cnn , typical of fast, 
sodium-cooled breeders, such a failure would entail a predictable, rapid, 
local temperature r ise, resulting in a highly probable rapid proliferation of 
damage. In contrast, a similar incident in a water-cooled thermal -spec t rum 
reactor plant, operating at much lower power density, would have a much 
smaller likelihood of seriously damaging adjacent elements. 

Effective fuel-failure monitoring for fast breeders (such as EBR-II) 
must thus provide for fast warning in at least some of the equipnnent chan
nels. In addition, other channels, whiah integrate the signal and thus can be 
inherently more sensitive, are useful for diagnostic purposes. With several 
channels, based on different principles, it should be possible to draw infer
ences regarding a failure that does not emit debris from the relative amount 



of short- and long-lived fission products , the relative annount of fission 
products in the coolant and in the gas blanket, etc. The specialization of this 
report in t ransient detection is not intended to de-emphasize the importance 
of other, integrating nnonitor channels. However, such channels do not pro
vide the speed of detection that could, in principle, forestall serious dannage 
to the core in the event (however unlikely) of a debris-ennitting cladding 
rupture, 

C, The FERD System 

To describe such a transient monitor in some detail, we consider the 
FERD systenn, installed at the EBR-II plant, as an example. The driver fuel 
of this fast breeder consists of uranium alloy pins bonded to stainless 
jackets by an annulus of sodium, the cladding further contains a certain 
amount of argon. The bonding sodium is nornnally enriched with short-l ived 
fission products, inter alia delayed-neutron p recu r so r s ; longer-lived, highly 
volatile fission products tend to collect in the internal gas cover. Assuming 
that a serious cladding burst occurs , one can predict that the bonding sodiunn 
will be rapidly expelled and nnixed with coolant sodium; in addition, debris of 
the fuel and cladding (or droplets of molten fuel) may be rapidly injected into 
the coolant. This contamination is car r ied through the upper plenum and 
through the heat exchanger, where the flow is sampled. The degree of mix
ing and the sampling efficiency are not known and nnay be suspected to vary 
considerably with the location of the burst can in the core . The high flow 
speed of this plant, however, generally prevents widespread dispersion of 
contannination, which should therefore enter the sampling loop as a spike 
or "slug" of highly contaminated coolant, followed by a "tail" of less con
tannination due to direct emission of fission [^oducts from bare fuel r e 
maining in the core . (The "tail effect" depends on the degree of channel 
blockage.) The monitoring loop pumps a fraction of the coolant s t ream past 
a bank of neutron detectors , then back into the main coolant tank. A slug of 
delayed-neutron p recu r so r s resulting fronn a burst as described above can 
be estimated to pass the detector bank in 0.2-0.8 sec. Once returned to the 
tank, the activity is dispersed in a very large volunne of coolant and cannot 
return to the loop until the short- l ived delayed-neutron emit ters have de
cayed through many half-l ives. Volatile fission products, however, gradually 
pass into the gas blanket, where the more slowly decaying species annong 
them can be detected by means of an integrating monitor of high sensitivity 
and reliability. 

The strength of the transient signal can be reasonably inferred from 
calculations of equilibriunn enrichment of bonding sodium at full reactor 
power, supposing further that one-third to two-thirds of the bonding sodium 
is rapidly expelled through the p r e s su re of the internal gas blanket of the 
fuel pin, and assuming representat ive sampling, '" The detection efficiency 
is known from a calibrated neutron test source; the overall detection effi
ciency is also available from a se r ies of tests in which a bare piece of fuel 
of known surface was inser ted in the core . 



Except perhaps for the uncertain effectiveness of the sampling snout, 
the EBR-II FERD system may thus be regarded as a fairly straightforward 
example of a transient monitor whose input parameters can be inferred r e 
liably enough to provide a practical example for the theoretical relations 
between design and performance parameters discussed in this report . 

These matters are now taken up in detail, beginning in Section III 
with the conversion of the digital input pulse train into an analog signal. 

The above description of the FERD system does not include the 
means provided for display of transients. For the sake of completeness, 
these are briefly described in Appendix E, 
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III. THEORETICAL RESPONSE OF THE PROCESSOR 
TO MODEL TRANSIENTS 

The train of digital pulses delivered by the nuclear-detector channel 
at the front end of any of the transient detectors described in Section II is 
converted into an analog signal through a "processor" consisting of several 
filter c i rcui ts , of which the count-rate meter forms the first. The object 
of filtering is to deliver a clearly readable t race , in which (1 ) true transients 
are readily distinguished from stat is t ical excursions of the background and 
(2) any features character is t ic of a par t icular type of transient are clearly 
portrayed. 

As regards the first-nanned requirennent, this can be described 
quantitatively through the signal- to-noise (S/N) ratio, exactly as in pulse 
amplifiers, in which connection the optimum filtering problem has been 
widely discussed. The second cr i ter ion is less annenable to quantitative 
treatnnent, in view of the difficulty of specifying the character is t ic shape or 
"signature" of the t ransient . Strong integration, that is, removal of high-
frequency components, will nnake it difficult to recognize a signature that 
includes an appreciable high-frequency connponent. More generally, the 
task of recognizing a true excursion, or even a part icular type of excursion, 
is essentially a matter of human judgment. In contrast, the performance of 
an a larm discr iminator , considered in Section IV, can be evaluated quanti
tatively, since the element of subjective judgnnent is elinninated here, but 
the a larm can render a decision only on the basis of a single cri ter ion, the 
instantaneous height of the level in comparison with a reference level. For 
a transient detector whose verdict is crucially important and which operates 
under difficult conditions (such as, perhaps, ^fuel-fai lure monitor), it may 
therefore be expedient to provide an a larm only for alerting personnel and 
thereafter relying for a final decision on interpretation of the t race . 

The response of the processor may be fully described in the tinne 
donnain through its response function, H(T,t), to a transient of duration T, 
consisting of a t rain of individual pulses of connparatively short duration, T, 
The response, F(t), to any single pulse is a special case of H(T,t); a l terna
tively, H(T,t) can be considered as derived from F(t) through convolution, 
as discussed, for example, in Ref. 1. The performance of the processor 
may be equally well specified in the frequency domain, which is a more 
natural mode of description for pulse amplifiers subject to different types 
of noise character ized by different frequency spectra For the present 
case, the time domain appears more appropriate and will be adhered to in 
the discussion here . As regards the filter c i rcui ts , an increasing nunnber 
of fairly connplex c i rcui ts , including active and passive types, delay-line 
differentiators, etc. , is now coming into use in connection with pulse ampli
fication. For the time regime appropriate for transient detection, however, 
most of these filters a re impract ical or difficult to construct. The dis
cussion below is thus limited to the most elennentary R-C networks. 
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A, C o u n t - r a t e Me te r C i r cu i t 

A br ief d i scuss ion of the ope ra t ion of a c o u n t - r a t e m e t e r for p u r 
poses of t r a n s i e n t detect ion is w a r r a n t e d ; a l though the b a s i c fac t s c o n c e r n 
ing this type c i r cu i t a r e well known, they a r e u sua l l y c o n s i d e r e d only in 
connection with slowly changing count r a t e s . 

Many ve r s ions of the bas ic Coun t -Ra te M e t e r (CRM) c i r c u i t , shown 
schema t i ca l l y in F i g . l a , have been developed for a wide v a r i e t y of n u c l e a r 
appl ica t ions . Differing cons ide r ab ly in c i r c u i t de ta i l , as wel l a s in l i n e a r i t y , 
s tabi l i ty , and avai lab le opt ions , m o s t such i n s t r u m e n t s behave a s the e l e 
m e n t a r y c i r c u i t shown. In this c i r cu i t , s t a n d a r d p u l s e s of v e r y s h o r t 
length T ( typically 1 |Usec) c h a r g e up a " d i p p e r " c a p a c i t o r , C j , wi th a s t a n 
da rd cha rge , q, which is t r a n s f e r r e d by m e a n s of a diode pump c i r c u i t to 
the "bucket" capac i to r , Cj^, whence it s lowly b leeds away t h r o u g h r e s i s t o r 
Rb- The s i tuat ion c lose ly r e s e m b l e s the input of a v o l t a g e - s e n s i t i v e p u l s e 
amplif ier coupled to an ionizat ion c h a m b e r or junct ion d e t e c t o r in which 
sho r t c u r r e n t pu l ses of roughly s t a n d a r d height a r e g e n e r a t e d , s a y by a lpha 
p a r t i c l e s or f iss ion f r a g m e n t s . This c i r c u i t is shown in F i g , l b . 

A . C, ; j : A . 

Co 

A . 
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Fig. 1, 

a. Basic CRM Circuit b. Pulse-amplifier Circuit 

Circuit Arrangements for Transients and for Pulse Processing. A„ = ideal ampUfiers (c<. passband) 
with arbitrary gain. The CRM is equipped with a diode pump at the input; the amplifier is fed 
by a detector, such as an ion chamber, deUvering short current pulses of roughly constant height. 
Circuits, hence analysis or response, are similar, but parameters are different. The final clipper' 
is used in the CRM circuit only for transient monitoring; the final ampUfier feeds an alarm 
discriminator. 

T h e o u t p u t s i g n a l , F ( t ) , of t h e C R M in r e s p o n s e t o a s i n g l e i n p u t 
p u l s e r i s e s a l m o s t l i n e a r l y d u r i n g r a n d s u b s e q u e n t l y d e c a y s e x p o n e n t i a l l y 
T h a t i s . 

w h e r e 

F ( t ) = ( A V / x ) ( l - e - ' / ^ b ) , ^y^/^. 0 - t - T, 

= ( A V / x ) ( e X - 1) e " ' / ' ^ b ^ T £. t; 

AV = q / c ^ , 

^ b = Rb^b-

( l a ) 

( l b ) 

(2) 

(3) 



and 

= -Ab. (4) 

T h e s t e p h e i g h t , AV, i s a d j u s t a b l e in nnos t C R M ' s t h r o u g h a n u m b e r of 
c h o i c e s of C j , = c j / A V ; the r e s p o n s e , V , to a s t e a d y i n p u t r a t e n i s a d j u s t 
a b l e t h r o u g h c h o i c e of R^, = V / n q . F i g u r e 2 s h o w s F ( t ) and the input p u l s e 
on t w o d i f f e r e n t t i m e s c a l e s . 
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Fig. 2 

Single-pulse Response. F(t), of Circuit Shown In 
Fig. la. The input is shovm in I with the diode 
bridge disconnected; the pulse appearing at the 
first stage is shown in n. The same picture is 
shown in III, on a shortened time scale and in
creased voltage scale. Curve A; Curves B and B' 
are single-pulse responses at the entrance of the 
second stage (i.e., after passing filter RjCj). 
Curve B' represents a short time conslant 
Tj < < Tj,; Curve B is drawn for T̂  = T.. 

113-650 , 

S u p p o s e n o w that a s u d d e n t r a n s i e n t in the c o u n t r a t e s t e p s up the 
r a t e of d e l i v e r y at Cj^ for a t i m e T of a b o u t 0 , 1 - 1 s e c , and t h e n c e a s e s 
e q u a l l y a b r u p t l y , s o that a m e a n n u m b e r of p u l s e s M, in a d d i t i o n to t h e b a c k 
g r o u n d , n T , a r e d e l i v e r e d d u r i n g T , T h e c i r c u i t r e s p o n s e to s u c h a t r a n s i e n t 
i s t h e n g i v e n by 

H ( t ) = ( M A V / y ) ( l - e " * / ' ^ b ) , 0 s t £ T , 

= ( M A V / y ) ( e y - 1) e 
• t / T i 

( 5 a ) 

( 5 b ) 

w h e r e 

= T / T I (6) 

Equations 5a and 5b evidently imply averaging over t i m e s short in 
c o m p a r i s o n to T, such that the "fine s tructure" cons i s t ing of superposed 
individual p u l s e s of r i s e t i m e T does not appear, (The detai led and average 
r e s p o n s e s have been drawn s c h e m a t i c a l l y in F ig , 3.) The voltage pulse at 
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the input of a pulse ampl i f ie r due to a group of M e l e c t r o n i c c h a r g e s t r a v e l 
ing a c r o s s , say, a gr idded ionizat ion c h a m b e r with t r a n s p o r t t i m e T, i s a l s o 
given by E q s , 5a and 6b, In c o n t r a s t to the CRM s i tua t ion , h o w e v e r , the 
background h e r e does not cons i s t of individual c h a r g e s t r a v e l i n g a c r o s s the 
ion c h a m b e r at r andom t i m e s . R a t h e r , the background is l a r g e l y c r e a t e d 
only in the ampl i f ie r , whe re many e l e c t r o n s t r a v e r s e a s m a l l s p a c e i n s i d e 
a vacuum tube or t r a n s i s t o r with a m u c h s h o r t e r t r a n s i t t i m e . The p u l s e 
ampl i f ie r thus r e q u i r e s a h i g h - p a s s f i l te r (d i f ferent ia t ing e l e m e n t ) of t i m e 
constant Ta at the output to r e m o v e low- f r equency n o i s e g e n e r a t e d in the 
c i rcu i t ; the input t ime cons tant , Tj,, i s then m a d e v e r y m u c h l a r g e r than 
Ta and can be neglec ted . In c o n t r a s t , c u r r e n t pu l s e a m p l i f i e r s , u s e d for 
example in connect ion with smal l f i ss ion c h a m b e r s of a typ ica l c a p a c i t y 
Cb = 20 p F , de l iver pu l ses a c r o s s R^, = 50 o h m s which m a k e s the input 
t ime constant T^, = 10 n s e c . In view of the o r d e r s - o f - m a g n i t u d e d i f f e r ence 
in r e la t ive p a r a m e t e r s , the S / N r a t i o , al though computed f rom equa t ions of 
s i m i l a r s t r u c t u r e for the CRM and for the pu l s e amp l i f i e r , r e q u i r e s a 
different i n t e rp re t a t i on . 

® 
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Fig, 3, Transient Response H(t) of Circuits Shown in Fig. 1, The input, with a 
transient of duration T superposed on a background at rate n, is shown 
in I; the response at the input of the CRM is shown in U, For easier 
visualization, rates and number of transient pulses are shown much 
smaller than in practical transient detection. For the pulse-ampUfier 
circuit, the transient is a current pulse, but background is at a much 
higher rate; the response H(T) is, however, the same. 

B- S i g n a l - t o - N o i s e R a t i o ; S i n g l e T i m e C o n s t a n t 

In c o n s i d e r i n g n o w t h e S / N r a t i o , w e m u s t f i r s t d e f i n e t h e " n o i s e " 
g e n e r a t e d by t h e b a c k g r o u n d , a s t h e r o o t m e a n s q u a r e of f l u c t u a t i o n s i n t h e 
C R M o u t p u t l e v e l d u e t o t h e s u p e r p o s i t i o n of t h e r a n d o m l y o c c u r r i n g b a c k 
g r o u n d . T h e m e a n - s q u a r e f l u c t u a t i o n i s e q u a l t o t h e s e c o n d m o m e n t of t h e 
l e v e l d i s t r i b u t i o n , w h i c h c a n b e c a l c u l a t e d t h r o u g h C a m p b e l l ' s t h e o r e m ' ^ 
g i v i n g t h e k t h m o m e n t , X^^•. 
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K = ^ I [Fd)]*" dt, (7) '•k 

This yields, in connection with Eqs la and lb, a second moment, 

Xi = a' = n(:iV)'(Tb/x)(l - ^ ^ ) (8) 

Given now that x is ordinarily of order 10"* or smal ler Eq. 8 reduces to 

a' = n (AV)^Tb/2 . (8') 

The derivation ol Eq 7 given for example in Ref 7, presupposes 
that the number of superposed pulses, nT^ ,̂ is large This theorem fails 
when nTjj •' < 1 , In this case, the individual pulses are largely separated, 
and level excursions beyond AV are the result of occasional pileup only, 
such that a pileup approach, as suggested, for example by Gold, * would be 
more appropriate For the region of values of nTi^ near unity, there appears 
to be no satisfactory theoretical t reatment . This awkward circumstance 
limits the application of Eq 7 as well as the equations developed in the fol
lowing sections, to CRM monitoring situations where nT^ is relatively large, 
as will be reconsidered in detail further on. 

Equation 8' in conjunction with the first moment of the distribution 
Xi = nTjjAV, indicates that the relative fluctuations, •/xj/xl. vary as (T i j ) ' " ' , 
The switch selecting different values of Cj, is therefore usually labeled 
' 'percent e r r o r " on general-purpose count-rate mete rs which may appear 
to imply that a large value of Tj, will result iff a high S / N ratio. This is an 
erroneous judgment in transient detection, where the absolute (rather than 
the relative) magnitude of the fluctuations, which increases with (Tb) 
has to be considered, in conjunction with the effect of the time constant on 
signal amplitude. 

Take the ratio of H(T) = H^^^ . the peak signal amplitude, to a. from 
Eqs. 5a, 5b, and 8, and introduce the detectivity 

D' = M V N , (9) 

where N = nT = mean number of background pulses during the t ransient . 
One then finds the S ' / N ratio. RQ. at the CRM output 

Ro = H ^ a x / o ' = (2DVy)(l -e-y)'= = D'V',. (10) 

where Uo - circuit-dependent part of the S /N ratio. Introducing now the 
function 

h = (1 - e - y ) - ' , (11) 
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we may put 

Uo 
hv^' 

This is p lot ted in F ig . 4 aga ins t l / y , i . e . , aga ins t i 
The m a x i m u m o c c u r s at the point given by 

(12) 

n c r e a s i n g Tb for fixed T, 

eV - 1 = 2y, 

which c o m e s to y „ a x = ' - ^ ^ R o ^ a x = °-^^^'- ^ h e s t r i k i n g fact b r o u g h t out 
by this plot is the opt imizat ion of t r a n s i e n t de tec t ion for v e r y s m a l l c h o i c e s 
of the CRM t ime cons tant , that i s , s l ight ly s m a l l e r than the t r a n s i e n t 
dura t ion . 

Fig. 4 

(S/N)2 = R2, the Transient S/N Ratio at CRM Out
put, for Unit Detectivity D2 = M2/N. M = number 
of pulses in transient, N = mean number of back
ground pulses during transient. Curve a: Without 
low-pass filtering (T; = 0); Eq. 10. Curve b: With 
low-pass filter Ti = T ;̂ the square of the ratio R is 
plotted against (T^/T) = l/y. Curve c; Square 
pulses of length T ,̂. 

C, S ignal - to-Noise Rat io; Two T i m e Cons tan t s 

The ra t io Rg can now be fur ther improved , a l though only f r ac t iona l ly , 
by in t roducing a l ow-pas s f i l ter between the CRM output and the d i s c r i m i n a 
tor input. This d e c r e a s e s the peak r e s p o n s e to the t r a n s i e n t , but r e d u c e s 
the channel noise even m o r e . The usua l p r a c t i c e of d i sp l ay ing the C R M 
output by m e a n s of a s e rvo - f eedback r e c o r d i n g p o t e n t i o m e t e r p r o v i d e s con 
s ide rab le low-pass f i l ter ing through the e l e c t r o m e c h a n i c a l i n e r t i a of the 
r e c o r d e r . This hidden t ime cons tan t , about 0,5 to 1 s e c , can e a s i l y be too 
long where t r a n s i e n t s of s h o r t e r du ra t ion a r e expec t ed . F o r o p t i m u m d i s 
play, as cons ide red e a r l i e r , one thus r e q u i r e s an o s c i l l o g r a p h b a s e d on a 
l ow- ine r t i a ga lvanomete r , or a s i m i l a r f a s t - a c t i n g d i sp l ay uni t as d e s c r i b e d 
in Appendix E, 

The influence of a l o w - p a s s f i l t e r , equ iva len t to an i n t e g r a t i n g t i m e 
constant T-, on the shape of individual p u l s e s and t r a n s i e n t s is c o n s i d e r e d 
in detai l in a number of t r e a t i s e s on the des ign of p u l s e a m p l i f i e r s , for 
example , by Gi l lesp ie , ' ^ In t roduc ing z = T / T J , we find a t r a n s i e n t r e s p o n s e 
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H(t) = ( M A v / y ) ( ' - -"'^"^ V v - • - -" '^"'V / , o ^ t ^ T , (I3a) 
1 / y - 1 / z ' ' 

M M A V / y < ^ / v > < - ^ - ' ) - " ( ^ ' ^ - ; ' / - ) ( - ' - ' ) - " ^ ^ \ T . t . . , 
l / y - 1/z 

(13b) 

which connes to a peak value 

Hmax = ( M A V / y ) ( e y - l ) ^ / ( ^ - y ) ( e ^ - l ) y / ( y - ^ ) , (14) 

always at or beyond T. The response to a single pulse, in view of T <" < T, 
is very closely approximated by the simpler equation, 

- t /T j j - t / T -
F(t) = (AV/y) ^ - f , 0 - t - o c . (15) 

l / y - 1/z 

Inserting this response in Eq. 7 and integrating, one finds the second 
moment, 

o' = [nT(AV)V2y][z/(z + y)]; (16) 

hence the S / N ratio with integration becomes 

R' = 2 D ' ( l / y + l / z ) ( e y - l ) " / ' ^ - y ^ e Z - l) 'y/(y-^^, (17) 

Equation 17 is the analog of the s ignal- to-grid (base) current noise ratio, 
Eq, 26 of Ref, 15. As discussed in Ref, 15, as well as elsewhere, this equa
tion is symmetr ic with respect to interchange of y and z, and turns out to 
peak for y = z. This choice of time constants thus always yields the best 
S / N ratio and will be provisionally adopted in the following discussions, 
although the S'/'N improvement, as may be judged from Fig, 4, is relatively 
modest. In Fig, 4, the ratio for y = z, which is 

R ' = -jT^ exp[ -2y(h - l ) ] = D^Uf, (17') 

is plotted, as well as the ratio RQ for Tj = 0, given by Eq. 10. The latter 
case is a reasonable approximation for any choice Tj << T, The peak for 
equal time constants is reached for 

sinh ( y m a x A ) = y m a x / ^ 
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2 98 and c o m e s to R = 0 ,88D^ F o r s m a l l va lues of y, 

K' - T o V e ^ The S V N ra t io given by Eq, 17' is a l so r e a d i l y d e r i v e d ° r Ymax 

f rom the r e s p e c t i v e r e s p o n s e fu 

F( t ) = (AVt/Tb) e x p ( - t / T b ) 

nct ions for equal t i m e c o n s t a n t s . 

(18) 

and 

H(t) = MVe • t /Tb„ 1 + T, 
1 - e (19) 

Equation 17' may again be s impl i f ied for p u r p o s e s of c o m p u t a t i o n . 
In t e r m s of the function h(y) defined by Eq, 11, we m a y w r i t e 

R^ = D^Uf, ^'• '"^ 

and 

h y y 
exp[-y(h - 1 )]. (20) 

Moreove r , we a re he r e not conce rned with l a r g e va lues of the p a r a m e t e r y, 
for which the s imple model t r a n s i e n t a s sumpt ion may have to be abandoned 
and a m o r e specific t r a n s i e n t shape in t roduced . F o r s m a l l va lues of y, an 
expansion, p r e s e n t e d in detai l in Appendix C, y ie lds 

U, = 2 77 
24 

+ l . I 
- ' • < ) 

(20 ' ) 

We shall use this exp re s s ion in Section V, Equa t ions 12 and 20, which a r e 
plotted in F i g . 4, point to a gene ra l pol icy of s h o r t - t i m e c o n s t a n t s T^̂  = T, 
whether T; is chosen of c o m p a r a b l e magn i tude or l o n g e r . 

At the s ame t ime , any " c h a r a c t e r i s t i c " s igna l that can be r e a s o n a b l y 
r e p r e s e n t e d by piecing toge ther s ec t i ons of length T is a l s o m a d e adequa te ly 
readable by this choice of CRM t ime cons tan t , which thus a p p e a r s to sa t is fy 
both quant i ta t ive and qual i ta t ive t r a n s i e n t de t ec t ion r e q u i r e m e n t s . In c o n t r a s t , 
i npu t - c i r cu i t t ime cons tan t s for pulse ampl i f i ca t ion a r e u sua l l y c h o s e n much 
longer than the dura t ion of the c u r r e n t pu lse T, Th i s pol icy is p a r t i a l l y due 
to the p r e s e n c e of white noise s o u r c e s in the a m p l i f i e r c i r c u i t , and p a r t i a l l y 
the dependence of the m a x i m u m pulse ampl i t ude H^^ on T . The f r a c t i o n a l 
shift, A H J ^ / H J . ^ , due to a f rac t iona l change in T, A T / T , c o m e s to 

A H „ 

Hm 

= 

AT 
T 

.-1 

1 - y^ey 

( e y - 1 ) ' 

'y' y' 
i l 2 240 
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for Tj = T)-, The basic uncertainty AT for a gridded ion chamber, for 
example, a r i ses from the finite length and random orientation of ionization 
tracks Thus the current pulse, formed as electrons from different parts 
of the track emerge through the grid and pass to the anode, actually deviates 
markedly from the square shape it would have for a strongly localized 
charge, A similar situation exists in many transient monitors, here the 
distribution of sources plays the part of the ion track, and a transient of 
predictable shape occurs only for a point source moving past the detector. 
Thus, the precision of pulse-height information, which is of fundamental 
importance for the ion chamber or s imilar detector, is emphasized by de
liberately making the output signal insensitive to input pulse shape; in 
contrast, shape is the principal information content of the signal for t ran
sient detection. 

With this strong emphasis on short time constants T, , one should 
not, however, lose sight of the res t r ic t ion of the foregoing S/N ratios to 
large values of nTb- This restr ic t ion implies that a given transient detector 
with very low background cannot be described meaningfully by Eqs, lOor 17'. 
However, for such a case, a relatively more readable record is still obtained 
with a short time constant than with a long one. Finally, Eq. 17' shows the 
considerable benefit obtainable from the use of additional detectors (or more 
sensitive detectors) in a given transient monitor, through the dependence of 
readability on M ' / N = D^. 

D. Final Clipping Stage 

Thus far, we have treated a filter with two time constants. When 
the processor output is to be presented to an ^larm discriminator , the 
verdict of the lat ter must be unaffected by possible slow fluctuations in the 
background rate , which up to now has been treated as constant Actually, 
the background is constant only in special transient-detection situations 
In a more typical application, the detection of fuel failures discussed in 
Section II,B, the reactor plant may be operated for some time with a number 
of small fuel-cladding leaks, if the danger of further damage does not war
rant shutdown, location, and replacement of the leaking fuel elements. More
over, a certain amount of background may be due to activation of the coolant; 
hence the background level will reflect the power level with a delay charac
ter is t ic of the decay constant of the activity This suggests that, rather than 
referr ing the a la rm-d isc r imina tor signal input to a fixed dc level, a refer
ence level be used that is the average of the CRM signal over a time suffi
ciently long in connparison to its transient response. Alternatively, dc 
components may be subtracted from the signal input by introducing a suitably 
dimensioned blocking capacitor . This mode of operation makes the a larm 
discr iminator still more insensitive to snnall leaks, which are already in
efficiently detected by a processing channel whose time constants T^ are 
adjusted to maximize the S ' / N ratio for short t ransients As mentioned in 
Section II, another processing channel may be fed by the same detectors to 



28 

f „f lp;,k de tec t ion as wel l as the m o r e i m p o r t a n t r e -

Moni tor ing s y s t e m s m which t r a n s i e n t s exceeding a c e r t a m l e v e l t r p an 
" a r m " in c o n t r a s t to o r d i n a r y c o u n t - r a t e m e t e r i n g of n u c l e a r r a d i a t i o n . 

The final cl ipping s tage (shown in F i g . l a for the t r a n s i e n t m o n i t o r 
channel) is evident ly qui te analogous to the c l ipping s t age of a p u l s e a m p l i 
f ier (shown in F ig , l b ) . F o r the l a t t e r c a s e , the input t i m e c o n s t a n t Tfc is 
usua l ly kept ve ry long in c o m p a r i s o n with T^, which thus d e t e r m m e s the 
l ower - f r equency cutoff. In c o n t r a s t , the final c l ipping t i m e c o n s t a n t i s 
a lways longer than T^, for the t r a n s i e n t m o n i t o r . 

The effect of a l inear f i l ter with t h r e e a r b i t r a r y t i m e c o n s t a n t s i s 
cons ide rab ly m o r e complex than the foregoing c a s e s of one o r two t i m e 
cons t an t s . We the r e fo r e p r e s e n t de ta i l ed ca l cu l a t i ons in Appendix B, f r o m 
which we quote h e r e only the S'/N r a t i o for t h r e e equal t i m e c o n s t a n t s . 
In t roducing the function 

Z ' = 1 + y ' h ( h - l ) , • (21) 

we obtain 

R^ = D^U2, (22) 

and 

2 U i ( Z - 1) e x p ( Z - 1). (23) 

Equat ion 23 is plot ted in F i g . B . l , which shows that a s h o r t final c l ipp ing 
s tage does not improve the S / N r a t i o , but m a y be useful for o the r r e a s o n s . 

In the p r a c t i c a l example of a fue l - f a i l u re m o n i t o r wi th a l a r m , con 
s i d e r e d above, it is expedient to keep Ta suff ic ient ly s h o r t to t ake out f luc
tuat ions of, say, 10 min or m o r e , which should r e a d i l y r e m o v e v a r i a t i o n s in 
background level due to ac t iva t ion p r o c e s s e s , A va lue of T^ in th i s r a n g e 
then st i l l m a k e s the inequal i ty Ta >> Tb val id; hence the channe l r e s p o n s e 
is c lose ly app rox ima ted by the t w o - t i m e - c o n s t a n t f i l t e r r e s p o n s e , U j . 

E , Digital C o u n t - r a t e Me te r 

In concluding this s ec t ion , we m a y add a b r ie f r e m a r k on the r e s p o n s e 
obtainable with a digital p r o c e s s o r , i , e , , a uni t tha t p r o c e s s e s the input d i 
rec t ly in such a way that the content of a d ig i ta l s t o r e r e p r e s e n t s the input 
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ra te , "Digital" count-rate me te r s are offered by several nnanufacturers; 
such units, however, merely accumulate input counts for a fixed interval, 
display the count, reset , and r e s t a r t The mennory character is t ic of analog 
count-rate me te r s can be provided by subtracting a fixed fraction of the 
content of a scaler continuously fed by the input at certain intervals. 
Alternatively, a fixed number, corresponding to a certain fraction of the 
mean content, may be subtracted. These types of digital units simulate the 
leakage of charge from the bucket capacitor, and thus are describable in 
te rms of the equations developed above to the extent to which this simula
tion succeeds, 

To effect the subtraction requires elaborate circui t ry A more 
straightforward digital count-rate meter can be implemented by accumu
lating input pulses in an add-subtract scaler and feeding them into a delay 
T(j, after which each pulse is subtracted. When such an instrument is turned 
on with a clear scaler at a steady input rate n, the scaler contents will in
crease l inearly for T^, and then continue to fluctuate about nTb, just as 
would an analog circuit in which randomly arriving square pulses of length 
T ĵ are added linearly. Delays of several seconds can be effected through 
a large shift regis ter , driven by a clock oscillator at a frequency f such 
that fTjj = m = number of bits in the shift regis ter . To avoid deadtime 
loss of counts, we require that f >> n. The process is then governed by 
Bernoulli (binomial) s ta t is t ics , the mean store content, nTv, fluctuates with 
a variance nTj3(l - nTb/m), Neglecting the small term nT(j/m = n/f, one 
readily finds the S/N ratios 

R'a = DVy, y £ 1, 1 
}• • (24) 

= D'y, y s 1. J 

with a maximum value slightly larger than for the analog case Figure 4 
indicates, however, that this better s'/N ratio is maintained only over a 
narrow range of the parameter y. For those types of transient monitors in 
which the duration of the signal can be determined within certain limits 
(e.g,, from the sweep speed), a digital processor of the type described here 
nnay offer a slight advantage as regards S'/N ratio, in addition to the more 
significant advantage of stability 

For other types of transient monitors, in which the duration of the 
transient cannot be precisely estimated, the S'/N ratio of the digital CRM is 
still comparable to that obtaining for a corresponding analog device. For 
any system intended for continuous surveil lance, stability is a crucially 
important factor, which may make the relatively high initial cost of digital 
equipment worthwhile. The digital unit is directly amenable to several 
options in readout or storage of information which have become available 
in connection with digital computing equipment. Concerning the application 
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of a digital CRM to fuel-failure monitoring or similar tasks, note that the 
unit described above is affected by background variat ions. Thus the a larm 
cannot be actuated simply from a certain scaling stage without changing 
the detection efficiency as a function of background level, as discussed 
above. The alarm scaling stage may, however, be gated from a second 
scaler in which background is accumulated for a fixed time, whereupon 
the scaler is reset and restar ted. Alternatively, the pulses emerging from 
the shift register may be subtracted twice and fed to another shift regis ter , 
whose output is added. This "DD2" modus operandi allows a direct setting 
of the alarm. Other advantages resulting from the symmetry of the 
"response" described by this kind of system are discussed in Appendix B. 
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IV. P E R F O R M A N C E O F T H E ALARM DISCRIMINATOR 
AT HIGH BACKGROUND R A T E S 

The d e v e l o p m e n t up to th i s po in t m a i n l y c o n c e r n e d the qua l i ty of the 
p r e s e n t a t i o n of a t r a n s i e n t , which invo lved m a x i m i z i n g the S y N r a t i o . Th i s 
p a r a m e t e r p e a k s for t i m e c o n s t a n t s c o m p a r a b l e to the t r a n s i e n t d u r a t i o n , 
w h e t h e r o r not the bandwid th w a s r e s t r i c t e d by an " i n t e g r a t i n g " f i l t e r . We 
t u r n now to a d i s c u s s i o n of the qua l i t y of p e r f o r m a n c e of the a l a r m d i s c r i m i 
n a t o r , which can b e s t be d e s c r i b e d t h r o u g h two s t a t i s t i c a l q u a n t i t i e s , the 
d e t e c t i o n p r o b a b i l i t y and the f a l s e - a l a r m f r e q u e n c y . * To m a k e t h e s e q u a n 
t i t i e s as i n d e p e n d e n t of f luc tua t ing b a c k g r o u n d and o the r u n c o n t r o l l a b l e 
f a c t o r s a s p o s s i b l e , dc c o m p o n e n t s m u s t be s u b t r a c t e d , as d e s c r i b e d in 
Sect ion III. T h i s type of o p e r a t i o n of an a l a r m d i s c r i m i n a t o r m a y be 
c h a r a c t e r i z e d a s MNR (Mean No i se R e f e r e n c e leve l ) in c o n t r a s t to DCR 
(DC R e f e r e n c e l e v e l ) . F o r q u a n t i t a t i v e eva lua t ion , two e s s e n t i a l a s s u m p 
t ions in add i t i on to the m o d e l t r a n s i e n t shape m u s t now be i n t r o d u c e d . The 
in t ens i ty of a " t y p i c a l " t r a n s i e n t m u s t be spec i f i ed , and th is i n t ens i t y m u s t 
be a s s u m e d to be we l l above the n o i s e s a m p l e d du r ing the e x c u r s i o n . 

T h e s e m o d e l a s s u m p t i o n s a r e p e r h a p s m o r e r e a l i s t i c for s o m e a p 
p l i c a t i o n s of t r a n s i e n t m o n i t o r i n g than for o t h e r s . In p a r t i c u l a r , the t r a n s 
i en t s one can r e a s o n a b l y e x p e c t in f u e l - f a i l u r e m o n i t o r i n g v a r y c o n s i d e r a b l y 
in i n t e n s i t y as we l l a s s h a p e , depend ing on the type of c ladd ing b u r s t , d e g r e e 
of d i s p e r s i o n , and flow p a t t e r n of the p lan t , as d i s c u s s e d e l s e w h e r e , " In the 
s e n s e u s e d h e r e , a " t y p i c a l " s i g n a l thus i m p l i e s the sudden r e l e a s e of, say , 
o n e - t h i r d of the f i s s i o n p r o d u c t s a c c u m u l a t e d in the bonding s o d i u m of a 
fuel pin, wi th i d e a l l y t u r b u l e n t flow (hence , p r e d i c t a b l e decay en rou t e ) d i s 
p e r s e d t h r o u g h p e r h a p s 10 l i t e r s d u r i n g t r a n s i t and p r o p o r t i o n a t e l y s a m p l e d 
by the m o n i t o r loop . M o r e v io len t c l add ing f a i l u r e s should r e s u l t in c o r 
r e s p o n d i n g l y m o r e i n t e n s e s i g n a l s . In a n u m b e r of o the r t r a n s i e n t m o n i t o r s , 
one m a y s i m i l a r l y def ine a m i n i m u m t r a n s i e n t s t r e n g t h , or p e r h a p s a r a n g e 
of t r a n s i e n t s t r e n g t h s , wh ich s t i l l a l l ows a q u a n t i t a t i v e e s t i m a t e of the 
d e t e c t i o n p r o b a b i l i t y for e a c h a t a g iven a l a r m l eve l and p r o c e s s o r f i l t e r 
r e s p o n s e . In the d i s c u s s i o n h e r e , only the s i m p l e s t m o d e l wi l l be u s e d to 
d e r i v e the d e t e c t i o n p r o b a b i l i t y ; f u r t h e r on, the f a l s e - a l a r m f r equency wil l 
be c o n s i d e r e d , for which a m o r e e x t e n s i v e m a t h e m a t i c a l f r a m e w o r k is 
n e c e s s a r y , 

A. D e t e c t i o n Ef f i c i ency 

To ob ta in an e x p r e s s i o n for the d e t e c t i o n ef f ic iency, s u p p o s e that 
the a l a r m d i s c r i m i n a t o r i s t r i p p e d by a t r a n s i e n t con ta in ing A or m o r e 
p u l s e s , a r r i v i n g wi th in T at a q u a s i - u n i f o r m r a t e . The p r o b a b i l i t y tha t 

*The term "detection probability" is used here in preference to the more common "detecuon efficiency" to 
stress the statistical nature of this parameter and distinguish it from the purely instrumental efficiency of 
the nuclear detectors, "False-alarm frequency" likewise impUes a probability per unit nme. (It is per
haps unfortunate that "frequency" denotes two rather different concepts, rendered in German, for example. 
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a "typical" transient contains a certain number of pulses is assumed to be 
given by a Poisson distribution. Such would be the case for an approximately 
constant release of fission products, approximately evenly t ransported past 
the detectors, in a fuel-failure monitor. The mean number of pulses in the 
typical transient, M, is thus also the variance. With a mean background 
rate, n, the background sample during the transient comes to nT = N, which 
is subtracted from the latter, but still influences the size of the total va r i 
ance, increasing it to M + N,* In the limit of large numbers of pulses, the 
Poisson distribution may be conveniently approximated by a Gaussian d i s 
tribution, which allows one to define the detection probability g(G') directly 
in terms of tabulated functions: 

g = i[l+<t>(G')], (25) 

where 

r-i - M - A , , , , 
v^-(M+N) 

and 

2 C^' z 

is the well-known error in tegra l ," Now let 

(26') 

Then for N / M « 1, as assumed explicitly here, we may express G' in terms 
of G by expanding the root and further expand Eq. 25 in a Taylor se r ies 
yielding the approximation 

g= M l + * ( G ) ] - - 5 i i ^ e - G % . . . . 
2 M y F (25') 

T a ^ ' i T f r w i t h ' t b T T ' " ' ' ' ^ ' ' ' ^ " ° " probabilities not smal ler than, 
mat'elv 0 N / M r w t " ' correction term in Eq. 25' comes to approxi-
Z^rl\ J^' . "" ^ ^ ^ ° -^ ' '^^ ^^"^"^ c o r r e c t i o n can be sa fe ly n e -

i c u r s l : " in t h ' r ? ° " ' 7 ' ^ ' ^ ^ " ^ ^^ ' ' ' ^^ '''''=''^^'' i n d e p e n d e n t of s low ej tcurs ions in the background r a t e . 

An upper l i m i t is i m p o s e d oa the de t ec t i on p r o b a b i l i t y t h r o u g h 
a r y tradeoff of de tec t ion p r o b a b i l i t y a g a i n s t f a l s e - a l a r m f r eque 

the 
quency; 

Assuming the subtracted background is effectively measured over a time interval much longer than T. 



such a limit might be reasonably set at 0.99. For 0.90 £ g £ 0.99, Eq. 25' 
can be conveniently approximated by a s impler expression. 

1 - Be -pG 
(25") 

which is more accurate over this range than the e r r o r integral expansion 
for large values of the argument given in standard reference works on 
e r ro r i n t e g r a l s . " The e r r o r involved in using Eq, 25" rather than Eq, 25' 
may be judged from Fig, 5 in which both expressions are plotted; the con
stants B = 1,9 and p = 3,17 are used here to give the best fit. Figure 6 is 
a conventional plot of g versus G on "probability" paper. 
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B. F a l s e - a l a r m F r e q u e n c y 

We sha l l now d e r i v e the f a l s e - a l a r m f requency , f i r s t in an e l e m e n t a r y 
t r e a t m e n t and then in a m o r e tho rough fash ion . The e l e m e n t a r y t r e a t m e n t is 
ana logous to the w e l l - k n o w n p r o b l e m of e l e c t r o n i c n o i s e , with the i m p o r t a n t 
p r o v i s o that th i s i s a p p l i c a b l e only in the l i m i t of high backg round r a t e s 
a n d / o r long t i m e c o n s t a n t s , i . e , , w h e r e nTu is a v e r y l a r g e n u m b e r . 

In tha t l imi t , it i s p l a u s i b l e to a s s u m e a G a u s s i a n d i s t r i b u t i o n of 
the ana log l e v e l about i t s m e a n , z e r o , a s we l l a s a c o r r e s p o n d i n g G a u s s i a n 
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distribution of the time derivative of the analog signal, A level crossing 
is then assumed to occur whenever the signal is within some small distance 
da below the level a and at the same time has a positive slope s. The time 
At required by this is determined by the condition da - sAt, 

With the level and slope distributions 

P(a) da = (oa -/z^)'^ ex^(-a'/Za'^) da, (27) 

and 

P(s) de = ( v ^ a J - ' exp(^sV2o|) ds, (27') 

respectively, one finds a total level-crossing probability 

W = P(a)At / Pg s ds, (28) 

Hence the crossing rate, equal to the false-alarm frequency, is given by 
integrating and dividing by At to yield 

f = (as/27raa) exp(-aV2a|) . (29) 

This derivation was first formulated by Campbell and F r a n c i s , " A different 
derivation, based on more rigorous considerations, is outlined in AppendixA, 

The second moments of the level and slope distributions, given in 
Eqs, 27 and 27', can be calculated from Campbell 's theorem, Eq. 7, which 
one would expect to be valid for the superposition of the time derivatives 
to the extent of its validity for the superposition of the direct values of a 
large number of individual pulses. The second moment of the level d i s t r i 
bution has already been calculated for the general case of a rb i t ra ry time 
constants (cf, Eq, 16), For the choice T; = T^j, 

a^ = AV V ^ / 2 . (30) 

Similarly, Og is obtained by differentiating Eq, 18 with respect to time, 
inserting this "slope response" into Eq. 7, and integrating, with the resul t 

O3 = (Av/2) V V T ^ . (31) 

The level a in Eq, 28 must now be connected with the number of pulses A 
in the transient that will just trip th.e alarm level when the lat ter is set 
for a detection probability g (cf, Eqs, 25 and 25"), Evidently the level 
is just equal to the maximum of the response to a transient of A (rather 
than M) pulses, given by Eq, 14 if A is substituted for M. Combining 
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Eqs 14, 26', 29, 30, and 31, one thus finds the fa lse-a larm frequency for 
equal time constants Tj = Tb, when an MNR-connected alarm discriminator 
is set at a detection probability g for t ransients of expected duration T, 
containing a mean number of pulses M, in the presence of a background of 
mean rate n; 

log f = log y - log 2TTT - A D^UfW^(g), (32) 

where Uj, the filter response for two equal time constants, is given by 
Eq, 20, The function W(g) depends on the required detection probability; 
hence again on mean transient pulse number M, 

W(g) = 1 - G V 2 / M , (33) 

where G is given by 

, - 1 p - ' In 

derived from Eq, 25". Equation 32 implies very large values of the 
statistic nTu, but should yield at least qualitative est imates of the false-
alarm frequency for more modest r a t e s . Moreover, the model assumption 
of a "square" t ransient shape makes this prediction unreliable for y s i , 
where the detailed shape of the peak becomes important Plots of Eq 32, 
such as F igs . 7 and 8, which are based on more or less realist ic background 
rates , are therefore to be interpreted with some caution In particular, the 
strong minimum year y = 2.7 fails to take realist ic transient shapes into 
account and falls, for real is t ic background ra tes , into a region of low values 
of nTfj. At some distance from the minimum, where y « 0,5 and nTjj « 30, 
one might have more confidence in the validity of Eq, 32, As shown in Fig. 7, 
such a choice of the time constant still resul ts in rather low values of f. It 
is therefore of considerable interes t to obtain a more thorough derivation 
of the fa lse-a larm frequency which shows the dependence on nT(j more 
explicitly This requires a lengthy mathematical development and will 
thus be deferred to Section V. For the present, some discussion of the 
possibility of exploiting the decline of the false-alarm frequency at small 
values of y is indicated, since such a choice is frequently made by operating 
personnel who have been using count-rate mete rs for monitoring nontrans-
itory signals. 

Small values of y resul t in small values of the last term of Eq, 32, 
This term is responsible for the strong minimum, such that the first term, 
log y, dominates. Now W^(g) and D^ are independent of y, hence, small 
values of the last term imply a very low response U,(y) This leads to the 
apparently paradoxical resul t that the fa lse-a larm frequency declines as 
the signal peak becomes smal ler than the rms background. However, 
although purely stat is t ical background fluctuations under these conditions 
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113-657 
Fig. 7. False-alarm Frequency at Fixed Background Rate n - 30 pps and Transient Dura

tion T • 0.5 sec, for Various Values of M (number of pulses in the transient), as 
a Function of the Time-constant Parameter T/Tj, (T ĵ • integration and differ
entiation time), with Detection Probability g - 0.95 (Eq. 32) 
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113-658 
Fig. 8. False-alarm Frequency at Fixed Background Hate n « 30 pps and Transient Dura-

lion T • 0.5 sec, for Various Value* of M (number of pulses in the transient), as 
a Function of the Time-constant Parameter T/"^ (Tjj • integration and differ
entiation time), with Detection Probability g - 0.99 (Eq. 32) 

a r e , on the a v e r a g e , h ighe r than the r e s p o n s e to the t r a n s i e n t , they a r e a l s o 
c o n s i d e r a b l y r e d u c e d in f r e q u e n c y . Hence the r a t e of c r o s s i n g the a l a r m 
l eve l m a y s t i l l be low. As y b e c o m e s v e r y s m a l l , the f a l s e - a l a r m f r e 
quency b e c o m e s v i r t u a l l y independen t of the de t ec t ion p robab i l i t y and 
a p p r o a c h e s the f r e q u e n c y of c r o s s i n g the m e a n l eve l in the pos i t ive d i r 
ec t ion o r " z e r o - c r o s s i n g " f r e q u e n c y . T h i s m a y a p p e a r to s u g g e s t tha t 
s m a l l c h o i c e s of the t i m e - c o n s t a n t p a r a m e t e r y al low independen t o p t i m i 
za t ion of both t r a n s i e n t - d e t e c t i o n qua l i ty p a r a m e t e r s . Such a conc lus ion 
i s , h o w e v e r , l a r g e l y i l l u s o r y for two p r a c t i c a l r e a s o n s : F i r s t , al l v a r i a t i o n s 
of the b a c k g r o u n d r a t e o t h e r than p u r e l y s t a t i s t i c a l a r e i gno red in the above 
a r g u m e n t ; s econd , e q u i p m e n t s t ab i l i t y is not t aken into accoun t . Se t t ings 
of the a l a r m d i s c r i m i n a t o r c l o s e to the m e a n l eve l obvious ly change 
d r a s t i c a l l y a s the m e a n l eve l sh i f t s , and s i m i l a r l y a r e difficult to m a i n t a i n 
wi th the r e q u i r e d d e g r e e of s t ab i l i t y ove r long p e r i o d s . M o r e o v e r , we have 
thus far not c o n s i d e r e d the t h i r d t r a n s i e n t - d e t e c t i o n qua l i ty p a r a m e t e r , the 
a n n o u n c e m e n t de lay , wh ich is s t r o n g l y dependen t on the cho ice of y. The 
r e s p o n s e H(t ,T) for equa l t i m e c o n s t a n t s , given by Eq . 19, p e a k s at a t i m e 
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t = T / ( l - e - y ) = / ^ b - y « 1- ^ (34) 
'^max ^/\^ ^ I j 1.05T, y = 3. 

Since a signal that just barely trips the level discr iminator resu l t s 
in a delay of the order of t ^ a x ' ^^^ choice of a long time constant implies 
an equivalent announcement delay. Admittedly, this is only t rue for equal 
time constants; if the bandwidth is increased by reducing the integrating 
time Tj, the response given by Eq. 12 applies, and the response peak is 
reached ear l ier . However, the ratio Og/aa computed for that case from 
the time derivative of Eq. 15, inserted in Eq, 7 and combined with Eq, 16, 
comes to 

(asAa) = (TiTb)-'^^. (35) 

The improvement of detection speed available by increasing the bandwidth 
is thus bought at the cost of an increased false-alarm frequency. This 
situation is analogous to certain nuclear-electronics experiments where 
timing information is sought and background problems can sometimes be 
greatly ameliorated through logic processing. The potential application 
of such logic processing is therefore of some interest and will be discussed 
in Section VI of this report. Before considering this possibility, however, 
we must still discuss the effect of a large choice of the parameter y on the 
false-alarm frequency for relatively modest rates and fast t ransients , 
where statistical theory is in increasing difficulties. 
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V, FALSE-ALARM FREQUENCY FOR PRACTICALLY 
ENCOUNTERED BACKGROUND RATES 

The derivation of Eq, 31, which was sketched in Section IV, 
specifically assumes that the stat is t ical parameter nT^^ is large enough to 
allow the approximation of the level and slope distributions by Gaussians, 
even though the random superposition of any finite number of specific 
functions F(t) must necessar i ly resul t in distributions that depend to some 
extent on the level and slope distribution represented by F(t). This is 
evident for ideally square pulses, whose superposition is a "s ta i rcase" 
pattern, and thus still true for square pulses that have been passed through 
a low-pass filter to round off their edges slightly. With increasingly heavy 
filtering, as well as large numbers of superposed pulses, the distributions 
of level and slope gradually approach a Gaussian shape, but still must be 
expected to deviate noticeably from a normal distribution far in the "wings," 

A. Edgeworth Correction 

Distributions that do not differ strongly from Gaussian shape can be 
written as a Gaussian and a correction, which can in turn be developed in a 
power se r i es in the argument of the Gaussian, The problem of finding the 
coefficients of such a se r ies was first treated by Edgeworth and is d is 
cussed in less detail by C r a m e r . " For a distribution whose first moment 
is zero (as for random counts processed in MNR-mode), the Gaussian 
parameter comes to 

/3 = a /a a, (36) 

where a = level above zero, and a^ = vXj = second moment of the t race . 
The distribution, in t e rms of this parameter , is given by ' ° ' " 

P e = 0 6 - A — ^ + B—-i- + ^ 7- - .... (37) 
^ ^ dp3 V dp" 2 dp^y 

where 

A = (l/3;)(X3Al'^). (38a) 

B = ( l /4 : ) (xyxj ) . (38b) 

and 

0 = (27T)-V2 exp(-pV2). 
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T h e m o m e n t s of t h e d i s t r i b u t i o n i n c o e f f i c i e n t s A a n d B e v i d e n t l y d e p e n d 

o n t h e f i l t e r , t h r o u g h C a m p b e l l ' s t h e o r e m . T h e d e r i v a t i v e s of t h e G a u s s i a n 

djS' 

d/3" ^^ 
^ + 3 

and 

^ = {/3'- 15/3" + 4 5 p 2 - 15) 0 , 
d/3 ' 

E v a l u a t i n g t h e m o m e n t s a n d c o e f f i c i e n t s f o r a f i l t e r w i t h t w o t i m e c o n s t a n t s 
f r o m t h e r e s p e c t i v e C a m p b e l l i n t e g r a l s ( E q , 7 ) , o n e o b t a i n s t h e v a l u e s s h o w n 
i n T a b l e s I a n d n . F o r e q u a l t i m e c o n s t a n t s , w h i c h w i l l b e a s s u m e d h e n c e 
f o r t h , s u c c e s s i v e t e r m s in t h e E d g e w o r t h s e r i e s a r e p r o p o r t i o n a l t o h a l f -
p o w e r s of ( n T ^ ) ' ' a n d t h u s d e c l i n e r a p i d l y w h e n n i s l a r g e . F o r t h a t r e a s o n , 
t h e G a u s s i a n a p p r o x i m a t i o n i s e n t i r e l y a d e q u a t e f o r p r o b l e m s i n v o l v i n g 
e l e c t r o n i c n o i s e . F o r t h e p r e s e n t c a s e , i n c o n t r a s t , t h e s e r i e s m a y w e l l 
f a i l to c o n v e r g e b e y o n d a c e r t a i n v a l u e of t h e p a r a m e t e r p , g i v e n a r e l a t i v e l y 
s m a l l i n p u t r a t e n a n d a s m a l l c h o i c e of t h e f i l t e r c o n s t a n t T]-,, T h e v a l i d i t y 
of C a m p b e l l ' s t h e o r e m ( u s e d f o r e v a l u a t i n g t h e m o m e n t s ) i s a l s o q u e s t i o n a b l e 
f o r s m a l l v a l u e s of nT,. T h e r e f o r e t h e c o n v e r g e n c e of t h e s e r i e s m a y b e 
t a k e n a s a n i n d i c a t i o n of t h e l i nn i t of v a l i d i t y of a n y t r e a t m e n t of t h e t r a c e 
d i s t r i b u t i o n b a s e d on s t a t i s t i c a l c o n s i d e r a t i o n s , A s o m e w h a t m o r e c o n 
v e n i e n t e q u i v a l e n t c r i t e r i o n w i l l b e d i s c u s s e d f u r t h e r o n i n t h i s s e c t i o n . 

TABLE I. Semi-invariants ^]^ of the Trace Distribution Generated by a Random 
Count Rate n in a CRM with Time Constant T,̂  and F i l t e r Time Constant T 

Moment 
Order , 

k (a) Ti and Tb Arb i t ra ry (b) T; = Tfa (c) T; « T^ 

1 nTb nTb nTb 

2 Tb nTb "Tb nTb 
Tb + Ti 2 4 2 

T? nTb 7 n T Z_ "Tb nTb 
(Tb + T;) ' + | T b T i 3 9 3 3 

'^b nTb 3 nTb nTb 

(Tb+Ti ) [ (Tb+Ti )^ +±TbT^] 4 32 

( k - 1 ) 

k l < -

4 

: nTb 
k 

4 

n T b 
~ k ~ 
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TABLE II. Edgeworth S e r i e s Coeff ic ients for the Same Fi l l er 

Tj and T}, A r b i t r a r y Tb 

1 ^, •Jl V ^ 
3 : X3/2 

2 

1 \ 
41 X.| 

l / l ^,v 

9 ( T b + T i ) + T b T i / 2 ( T b + T i ) 

1 T b ( T b . T i ) 

2 M T b ^ T i ) ^ + l T b T i ' " "' 

1 Tb(Tb*T;) 

(nTb) .1/2 

8 ' ((Tb + Tj) + T b T i / 2 ( T b + Ti))= 
(nTb)-

k!xT^ 

ri ("Tb)-''' 

n ("Tb)-

^ J n T b ) -
8 1 ' 

^ ( ! ) ^ - b . ' 
-(k/4l 

v ^ . 

,-; ("Tb)-

ri '""^b)-

2'"^(nTb)'-(l</4) 

To find the f a l s e - a l a r m f r equency b a s e d on a q u a s i - G a u s s i a n leve l 
d i s t r i b u t i o n , we w r i t e an equ iva l en t d i s t r i b u t i o n for the s lope , 

r,/ \ .^1 \ A, d^0 / „ , d''0 A^ d ' 0 \ 
P(7) = 0(7) - A' —-1 + B ' — ^ + ^ ^ - . . . , 

d7^ \ dV" "̂  d ^ ' / 

(39) 

whose coef f ic ien t s a r e s i m i l a r l y d e r i v e d f rom C a m p b e l l i n t e g r a l s involving 
the s i n g l e - p u l s e r e s p o n s e d F / d t , F o r the foregoing c a s e of equal t i m e 
c o n s t a n t s , d p / d t = [AV/'Y,^){\ - t /T i , ) exp( - t /T i3) , f rom which one r e a d i l y 
finds 

and 

16 
il , / H T ^ 

(39a) 

B ' 
1 

64 nTv, 
(39b) 

The f a l s e - a l a r m f requency is now c a l c u l a t e d as in Sect ion IV by 
i n t e g r a t i n g the jo in t l e v e l - s l o p e d i s t r i b u t i o n over a l l pos i t ive s l opes and 
dividing by At to give 

/ X' \ ' /2 r " 
f = ^ ^ - ^ j e - P V 2 [ l + A ( | 3 ' - 3 p ) + , , , ] y 7 d 7 P ( 7 ) . (40) 

The i n t e g r a t i o n is s t r a i g h t f o r w a r d . Using the ident i ty 

f̂  7 T-dy 
d^k 

d^-'^C 

d '̂ k-2 
(41) 
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one finds that the f irst-order (odd-power) correction term vanishes, and the 
integral comes to 

d7 P(7) = (Z-n)-'/' (e-H] M«-"(.-°-^)^ («) 
The next higher correction term, omitted here, is of odd power in the 
parameter 7 and therefore also vanishes. 

The expression thus obtained for the false-alarm frequency still is 
cast in a form that contains its dependence on the filter time constant T•^^ 
both directly and indirectly through /3. The latter parameter canbe expressed 
in convenient form by an expansion (presented in Appendix C), 

(3 = W(M;g) R(D;y) = WDUj 

where, according to Eq, 20', 

U, = (2v^ /e ) ( l -yV24 + l , l y V 5 7 6 - , , , ) , (43) 

which is a fair approximation up to y = 1 , Moreover, by introducing the 
variable 

u = y/N = l/nTv,, (44) 

where, as before, N = nT, we can separate /3 into a part that depends (at 
least to a first approximation) only on the transient strength M and speci
fied detection probability g, and a simple function of u: 

(3 = H V^(l-e^u^ + l , l e V -

where 

H = (2M/e)[l -{Z/Uy/'G] 

(45) 

(46) 

and 

NV24 , 
(47) 

Collecting all terms, we obtain the false-alarm frequency as a function of 
the variable u and constants H and F.^ only: 

log (f/n) = log (U/2T) +log [ l - E ( u ) ] . - i | ^ ( l - 2 e V + 2 , l l e V . . . . ) , (48) 
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w h e r e 

E(u) = k,u - k^u^ + k ju ' - k^u^ + k ju^ - . . . , 

with coe f f i c i en t s 

k, = 3 ( H a + b ) + c, 

kj = H 'a + H M + 3 ( H a + b ) c, 

kj = H*e + 3Uae' + (H'a + H M ) C, 

k^ = H ' a V 2 - 6H^de^- 3H'ae^ + (H^e + 3Hae^) c, 

kj = e ' [ 4 H ^ e - 3 . 3 H a e 2 ] + H<'aV2 - (6H^de2 - 3H'ae^) c. 

The c o n s t a n t s 

a = 0 ,0987654, 

b = 0 ,0087615, 

c = 0 ,0195973, 

d = 0 ,1257285, 

e = 0 ,0575345, 

(49a) 

(49b) 

(49c) 

are derived from the coefficients given in Table II, specifically for T- = Tu, 

B, Cri terion of Validity Limit 

The form of Eq. 48 suggests the adoption of a validity cri ter ion 
based on the correct ion term E(u). Given a certain set of values {H,e} 
and a filter whose integrating and differentiating time constants are adjust
able concurrently, the fa lse-a larm frequency estimate provided by Eq. 48 
becomes increasingly unreliable as E(u;H,e) approaches unity. Equation 48, 
in par t icular , and stat is t ical theory, in general, become inapplicable for 
values of the parameter u for which E(u) becomes so large that Eq, 49a 
fails to converge. 
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To i l l u s t r a t e this l imi t , we sha l l u s e a n u m e r i c a l e x a m p l e b a s e d on 
the p a r a m e t e r va lues conta ined in F i g s , 7 and 8 (M = 25, 30, 35, 40; 
g = 0,95, 0,99), The va lues a s s u m e d by the p a r a m e t e r H a r e g iven in 
Table III and plot ted in F i g , 9. With N = 15 (n = 30, T = 0.5 sec ) a s 
speci f ied for F i g s , 7 and 8, Eq, 48 y ie lds the f a l s e - a l a r m f r e q u e n c i e s 
p lot ted in F ig , 10, for H = 10, 20, and 30, r e s p e c t i v e l y . Va lues for an 
" u n c o r r e c t e d " Gauss i an d i s t r ibu t ion , a cco rd ing to Eq , 32, a r e a l s o p lo t t ed 
for c o m p a r i s o n , 

TABLE III, Values of the P a r a m e t e r 
H = ( 2 M / e ) ( l - G -/z/u) ior 
C e r t a i n Choices of M and g 

M 

H 

g = 0,95 

25 

30 

35 

40 

12,66 

15,43 

18,56 

27,80 

g = 0 , 9 9 

_ 
_ 
-
-

— 
-

' 

g'0.99^ 

1 ' 1 ' 1 

yy^^'o.sz, 

_ -g '0 90 

}0y-
/yy 
y — 

-
-

— 
-

-
I . 1 . 1 . 1 

9 , 8 3 

1 2 , 7 0 

1 5 , 6 5 

113-955 
1 8 , 6 1 Fig-3- The Parameter H versus M, for Certain 

Choices of Detection Probability g 

30 40 50 60 70 

Fig. 10 

False-alarm Frequency for Parameters n = 30, 
T = 0,5 sec as a Function ofu = (nTb)"'', for Dif
ferent Choices of H(M;g), According to Eq. 48 (solid 
lines) and Eq, 32 (broken lines). Equation 48, an 
improved version of Eq. 32, becomes statistically 
unreUable where the heavy lines are broken and may 
be inferred to fail entirely where these lines stop. 
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Figure 10 demonstrates that the spectacular reduction of the false-
alarm frequency predicted by Eq, 32 does not occur when we consider a 
more real is t ic distribution, which differs only negligibly from a Gaussian 
in the peak region, but is much stronger for large values of the parameter . 
Sample values of the correct ion E, given in Table IV, show that this cor 
rection becomes negative in the peak region, as one would expect, to com
pensate for the positive correct ion outside. Considering, as discussed 
above, that Eq, 48 is not valid when the correct ion E becomes much larger 
than unity, the fa lse-a larm frequency according to Eq. 48 is drawn as a 
solid line up to that point, and continued a small distance beyond to show 
the trend Predict ions according to Eq, 32 are shown as a broken line. 
Thus, for example, a fa lse-a larm frequency of less than once per day for 
H = 20 would appear to be achievable if one were to rely, wrongly, on 
Eq, 32. Equation 48 makes it apparent that a much higher false-alarm 
frequency is likely to prevail . To the extent to which the parameters 
chosen for the above numerical i l lustration are real is t ic , it points to the 
need for further improvements; some possibilities in this regard are d is 
cussed in Section VI. 

TABLE IV, Corrections E(u) for H = 10, H = 20, and H = 30, 
According to Eq, 48 

H : 

U 

0.1 
0.06 

0.04 

0,01 

0.001 

= 10 

E(u) 

+ 1,243 

+0.218 

+0,0467 

-0,0194 

-0.003 

H = 

u 

0.05 

0.03 

0.02 

0 005 

0 001 

= 20 

E(u) 

+4.1 

+0.781 

+0.233 

-0.009 

-

H = 

u 

0.033 

0.020 

0.0133 

0.0066 

0.00033 

-

= 30 

E(u) 

+ 5.65 

+ 1,251 

+0.478 

+0.0562 

-0,0007 

-

C. Optimum Choice of P a r a m e t e r s 

With this improved understanding, we now consider the practical 
matter of finding the best choice of time constants and alarm-level se t 
tings for a transient detection system of known parameters M, T, and n. 

The first question of interest in that connection is the best tradeoff 
between fa l se-a la rm frequency and detection probability, assuming that 
the performance pa ramete r s are not good enough to satisfy an initial 
specification of, say, less than 1% chance of missing the transient at 
fa l se -a la rm frequency no higher than once a week of continuous operation 
(1,6 X 10-*). We may further suppose that a 5% chance of missing is still 
barely acceptable and a somewhat higher false -alarm frequency might be 
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countenanced . The following useful r e l a t i on be tween t h e s e two p e r f o r m a n c e 
p a r a m e t e r s is obtained by di f ferent ia t ing Eq, 32 with r e s p e c t to the d e t e c 
tion probabi l i ty : 

d log f 
d log g 

WgR 
| V M 

(50) 

In p r a c t i c e , the number of pu l ses in the t r a n s i e n t , M, wi l l l ie b e t w e e n 10 and 
100. (Fo r s m a l l e r n u m b e r s , the theo ry deve loped h e r e fa i l s to apply; for 
much l a r g e r n u m b e r s , ca l cu la t ions b e c o m e u n n e c e s s a r y . ) Equa t ion 50 i s 
p lot ted in F ig , 11 for pulse n u m b e r s of 10 and 100 over the i n t e r e s t i n g 
range of de tec t ion p r o b a b i l i t i e s . The plot d e m o n s t r a t e s the r a p i d p e r c e n t a g e 
i n c r e a s e of the f a l s e - a l a r m f requency for a 1% change in the d e t e c t i o n 
p robab i l i ty when a v e r y high de tec t ion p robab i l i t y is spec i f i ed . T h u s , a 
s l ight r e t r e a t f rom such s t r i ngen t d e t e c t i o n - p r o b a b i l i t y s p e c i f i c a t i o n s 
wil l y ie ld a s ignif icant i m p r o v e m e n t in the f a l s e - a l a r m f r equency keeping 
in mind that R^ is about 10, On the o ther hand, a s a c r i f i c e of d e t e c t i o n 
probabi l i ty below 90% yie lds r ap id ly d imin i sh ing r e t u r n s . 

Fig. 11 
Fractional Change in False-alarm Frequency per Unit 
Fractional Change in Detection Probabihty for Tran
sients Consisting of 10 to 100 Pulses, as a Function 
of the Specified Detection Probability, at Unit S/N 
Ratio R 

As r e g a r d s the choice of t ime cons tan t , Tb should be s h o r t enough 
to prov ide detec t ion of the t r a n s i e n t within a spec i f i ed m a x i m u m d e l a y 
As d i s c u s s e d in Section II, the delay depends on the m i s s i o n of the t r a n s i e n t 
moni to r ; for s i tua t ions of e x t r e m e h a z a r d , the s p e c i f i c a t i o n s m i g h t s i m p l y 
ca l l for "as sho r t a de lay as p o s s i b l e , " However , t i m e c o n s t a n t s of the 
o r d e r of magni tude of the t r a n s i e n t length i n t roduce c o n s i d e r a b l e u n c e r 
tainty in the de tec t ion probabi l i ty , and even for s o m e w h a t l onge r t i m e 
cons t an t s , Eq, 48 b e c o m e s u n r e l i a b l e . 

Another m a t t e r of choice that can be guided to s o m e ex t en t by 
r e f e r r i n g to Eq, 32 or 48 is the i n v e s t m e n t in d e t e c t o r s and a n c i l l a r y 
equipment . F r e q u e n t l y , m o r e d e t e c t o r s can be used , a t only s l igh t ly w o r s e 
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detection efficiency, so that both M and N are approximately proportional 
to the number of de tec tors . One may then determine how many detectors 
will meet detection-probability and fa lse-a larm specifications, provided 
the local background level is known. It may well turn out that the number 
of detectors exceeds the space available for them. In such a case, possible 
improvements are also available through the use of logic circuitry, which 
are discussed in Section VI, 

Some r emarks on the performance of a digital count-rate meter , 
as described in Section III, a re presented in Appendix D, 
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VI. LOGIC PROCESSING O F T R A N S I E N T - D E T E C T I O N CHANNELS 

The poss ib i l i ty of logic (coincidence) p r o c e s s i n g of t r a n s i e n t -
de tec t ion s igna l s a r i s e s f rom the ba s i c fact that many t r a n s i e n t - d e t e c t i o n 
s y s t e m s u s e s e v e r a l d e t e c t o r s - - p a r t l y for de t ec t i on eff ic iency, p a r t l y for 
improv ing ove ra l l r e l i ab i l i t y . The d e t e c t o r s a r e f requen t ly in a r e l a t i v e l y 
i n a c c e s s i b l e locat ion, which may fu r the r be exposed to high t e m p e r a t u r e 
and rad ia t ion l e v e l s . The bulk of the channel e l e c t r o n i c s m u s t thus be 
s e p a r a t e d f rom the d e t e c t o r s . Even with ca re fu l sh ie ld ing , c a b l e s i n t e r c o n 
nect ing t he se uni ts a r e p r o n e to pick up no i s e p u l s e s f rom n e a r b y e l e c t r i c a l 
m a c h i n e r y (pumps, m o t o r s , r e l a y s , e t c ) . Such p ickup s igna l s can be con 
s ide rab ly reduced by r equ i r i ng co inc idence s o m e w h e r e along the s igna l 
path, 

A. C o m p a r i s o n of k-fold OR v e r s u s AND Scheme 

Suppose now that the s y s t e m d i s p o s e s of k iden t i ca l c o u n t e r s , o p e r 
at ing at the s a m e de tec t ion efficiency, and tha t a n a t u r a l b a c k g r o u n d at a 
l eve l n ex i s t s in each channel . The ques t ion a r i s e s w h e t h e r i m p o s i t i o n of 
a k-fold co inc idence r e q u i r e m e n t (or any l e s s s t r i n g e n t c o i n c i d e n c e r e q u i r e 
ment) i n c r e a s e s or d e c r e a s e s the o v e r a l l f a l s e - a l a r m f requency in c o m 
p a r i s o n to the s t r a i g h t f o r w a r d addi t ion of al l channe l s (as t r e a t e d in 

Sect ion V), 
(o) "OR" SCHEME 

H| 

Hz 

OR P 

(b)"AND" SCHEME 

E-H 

113-661 
Fig, 12. Logical OR versus Logical AND Arrange

ment of a Two-detector Transient Monitor
ing System, dj, d2 = detectors: Hi,H2 = 
pulse amplifiers/pulse-height discrimina
tors: Pi,P2 = processors, consisting of 
count-rate meter, filter, and alarm discrimi
nator operating in MNR mode: AND = 
coincidence circuit: OR = adder. 

H| 

Ha 

P| 

Pz 

AND 

To c la r i fy th i s d i s c u s s i o n . 
F ig . 12 shows e l e c t r o n i c b lock d i a 
g r a m s for both s c h e m e s of i n f o r m a 
tion p r o c e s s i n g . We sha l l , in the 
following d i s c u s s i o n , deno te the k-
fold co inc idence be tween a l a r m d i s 
c r i m i n a t o r outputs a s the AND 
s y s t e m ; we sha l l r e f e r to the addi t ion 
of al l k channe l s ahead of the s ingle 
C R M - a l a r m d i s c r i m i n a t o r channe l 
as the OR s y s t e m . A t r a n s i e n t of 
i den t i ca l s t r e n g t h , c o n s i s t i n g of Mi 
p u l s e s in the a v e r a g e , l a s t i ng a t i m e 
T, is a s s u m e d in e a c h ind iv idua l 
channe l . 

To m a k e a fair c o m p a r i s o n 
be tween AND and OR l o g i c a l con
nec t ion of k c h a n n e l s , we sha l l a s 
s u m e that a l a r m l e v e l s a r e r e s e t so 

, . , . . . ,. • as to s e c u r e equal d e t e c t i o n p r o b a 
bi l i t ies accord ing to Eq. 25, and then ca l cu l a t e the f a l s e - a l a r m f requency 

o7elTjfT/- " " ' ' ' ° ^ " ' " ^ ^ " " g ' ° - - P - e f a l s e - a l a r m f r e q u e n c i e s 
izatfon f 1 ' ' f ' ' " : * ' * " ''"^'^ ^ ' " " " ^ l ' " ' ' ^ s i m i l a r l y spec i f ied e q u a l -iza t ion of a l a r m l e v e l s , H""^ 
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Let Al = a la rm level (in single pulse heights) for a single channel, 
A^ = a larm level for each of k a la rm discr iminators in a k-fold AND 
scheme, and A Q = a larm level for the common a larm discriminator in a 
k-fold OR scheme. According to Eqs. 25' and 32, we can define the fol
lowing rat ios: 

A, 
Wl = - ^ = I - GiVz/Ui. 

M l 

W O = 
Ao 
kM, 

= 1 - CQ^/z/kMi, 

and 

"^A-l^- '- G A ^ ^ ^ M -

(51) 

The paramete rs Gi, G Q and Gŷ  a re in turn related to the detection prob
ability through Eq, 25 or 25", We shall prefer here the more convenient 
form given by Eq, 25": 

gj = 1 - B exp(-pGi); i = 1, O, A, 

The condition of equal detection probabilit ies, 

gl = go = gA-

where, in view of the coincidence requirement for the AND scheme, 

gA = (gD = 1 - kB exp(-pG^) + ,,,, 

yields the following relations between the parameters GJ : 

G, = G Q = G ^ - e, 

where 

e = (log k)/p. 

(52) 

(53) 

(54) 

(55) 

The detection probability gf in Eq, 53 is that of each of the k channels in 
AND connection, whereas g, refers to one of these channels by itself, set 
to make gi = g^. 

The fa l se-a la rm frequencies can now be directly compared. For 
this comparison, which is expected to yield largely qualitative information. 
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Eq, 32 (which lacks the Edgeworth correction is entirely adequate. It is 
interesting here to investigate the effect of different choices of the time 
parameters T; and Tj, in relation to the expected transient duration T. 
Specifically, we consider three possible combinations: 

(a) Tv = T. 

O) Tb = T ^ » T , 

and 

(56) 

(7) Tb>>T^, 

Sets a and (3 yield a single-channel false-alarm frequency: 

log fl = log y - log 2TrT - iD'Upff]; (T, = T^). (57) 

For 7, one finds, on the basis of Eq. 35, the similar expression 

logfl = i l o g y + i l o g z - l og2-T - iD^U^f , ( T b » T , ) ; (57') 

where the circuit response UQ IS given by Eq. 12. It is now apparent from 
Eq, 57' that a choice T; « T (z » l) will result in considerably increasing 
the false-alarm frequency, as discussed near the end of Section IV, For 
almost all of the excursion monitors described in Section II, an announce
ment delay of the order of the mean transient duration T is acceptable. 
This leads to the reasonable specification Tj = T in connection with the 
time-constant set 7, which will be adopted in the following 

(7') T b » T^ (56 ' ) 

The z term of Eq. 57' thus vanishes, while the last t e rm of that equation 
is actually negligibly small ( T b » T; hence, y << 1 and UQ << 1). 

The time-constant sets are interrelated in two ways. On one hand, 
sets j3 and 7 provide a comparison of two systems with equal values of Tb 
and T and different choices of Tj, which amount to maximum and minimum 
integration, respectively. On the other hand, sets a and 7 ' , with fixed T, 
and T, refer to minimum and maximum differentiation, bearing in mind 
that Tjj is limited in length by practical considerations such as nonstat is-
tical excursions and equipment stability, discussed in Section IV. The 
chosen time-constant sets thus span the full range of practically available 
two-element signal filters. 
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F o r k c h a n n e l s in OR connec t ion , one r e a d i l y finds 

log fo = log y - log 27TT - i k D ^ U ^ W ^ ; (T, = T^); (58) 

log fb = i l o g y - log 27TT, (Tb » T ^ = T). (58 ') 

To c o m p a r e the f a l s e - a l a r m f r equency d e v e l o p e d by an OR s y s t e m and 
that deve loped by one channe l of tha t s y s t e m alone,I ' we c o m b i n e E q s . 57 
and 57' with E q s . 58 and 58' to get 

log fo - log fl = - i D ^ U ^ ( k W b - W f ) ; (Ti = T^); (59) 

log I'Q - log fl = 0; ( T b » T , = T ) . (59 ') 

T h e s e equa t i ons show, a s d i s c u s s e d in Sec t ion IV, tha t the w r o n g cho ice of 
t i m e c o n s t a n t s can nullify any i m p r o v e m e n t s of the p e r f o r m a n c e a r i s i n g 
f rom add i t i ona l d e t e c t o r c h a n n e l s . The t e r m in p a r e n t h e s e s in Eq . 59 
c o m e s to 

k W ^ - W^ . ( k - 1)[1 - 2 ( 1 - W , ) / ( l + y k ) ] , (60) 

F o r p r a c t i c a l p a r a m e t e r c h o i c e s , (1 - W,) r a n g e s be tween 0,05 and 0,2; 
hence the c o r r e c t i o n t e r m in Eq, 60 r ap id ly d i m i n i s h e s wi th add i t i ona l 
count c h a n n e l s . The f a l s e - a l a r m f r equency d e c l i n e s roughly exponen t i a l ly 
with the n u m b e r of OR c h a n n e l s , the s lope being s t e e p e s t for the cho ice 
of Tj = Tjj wh ich m a x i m i z e s the r e s p o n s e U,, Th i s cho ice is p r a c t i c a l l y 
equ iva len t to s e t a of Eq , 56, , 

T u r n i n g now to the AND s y s t e m , we con.^ider k i den t i ca l c h a n n e l s 
with i d e n t i c a l l y se t a l a r m d i s c r i m i n a t o r s , each deve lop ing a ga te pu l s e of 
length T Q w h e n e v e r the a l a r m is t r i p p e d . Such even t s a r e r a r e enough to 
al low one to se t T Q at wi l l , wi thout need ing to c o n s i d e r channe l p a r a l y s i s 
e f fec t s . A l a r m s in e a c h c h a n n e l a r e thus d i s t r i b u t e d in a P o i s s o n t i m e 
s e r i e s . The f a l s e - a l a r m f r e q u e n c y a t the output of a k-fold c o i n c i d e n c e 
c i r c u i t i s then the e q u i v a l e n t of the " a c c i d e n t a l " or " i n s t r u m e n t a l " c o i n c i 
dence r a t e , which for k c h a n n e l s c o m e s to 

log f̂ . = k log ff + ( k - I) log T Q + log k 

. log [ i - f r T Q ( ! i ^ ) + ( f r T Q ) ^ ^ - ^ , - . , . ] . (61) 

^With alarm level readjusted to deliver the same detecuon probability for a standard transient of Mĵ  pulses 
that the OR system had for kMj pulses. 
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Equation 61 is readily derived from Poisson s tat is t ics . As for para lys is 
effects, the correction terms inside the brackets a re negligible and may 
thus be dropped. Note that ff is the false-alarm frequency in each channel 
when adjusted to yield a detection probability gi , 

To set the gates T Q , one evidently wants to choose the shortest 
possible length in order to minimize false a la rms . A lower limit is im
posed by time jitter, ranging from minimum through maximum announce
ment delay. The maximum announcement delay amounts to the r ise t ime of 
a transient that is just barely detected, tmax' which is given by Eq, 34 for 
Ti = Tb, for Tb » Ti = T, t ^ a x - T, The minimum announcement delay, 
on the other hand, is small in comparison to the maximum, in view of the 
possibility of very large transients, which will tr ip the a larm early. Such 
considerations determine the practical gate length for the three sets of 
time constants as 

and 

(a) Ty T , 

((3) Tb = Tj » T; T Q i T^. 

(7") T b » Tj = T, T Q i T. 

(62) 

Inserting Eqs, 57 and 57' into Eq. 61, and substituting the above 
gate-length choices, we obtain 

log f̂  = B - IkD^U^W^; 

log fA = B + log y; 

Tb = TJ = T; 

Tb = T , » T; 

(63a) 

(63b) 

log f_̂  = B + - l o g y; T b » T j = T; (63c) 

whe 

B = logk -log(27TT) - (k- 1) log(2Tr), (63d) 

The set a of time constants, resulting in Eq, 63a, appears to result in a 
particularly strong reduction of false a la rms through AND logic; set 7', 
Eq. 63c, is also interesting, whereas set |3, Eq. 63b, is the equivalent of 
set 7 for k = 2, but falls behind for k > 2. 



As b e f o r e , we m a y c o m p a r e the AND s c h e m e to an equ iva len t 
(equal ly eff ic ient) s ing le channe l : 

log fA - log f, = log k - (k - 1) log 27T - i D^U^(kW^ - W]): Tj = Tb = T; j^^^j 

log fX - log fl = log k - (k- 1) log 27T; Tb » T, = T and Tb = T, » T. (6^*') 

The second quan t i ty in p a r e n t h e s e s in Eq . 64 c o m e s to 

kW ŝ̂  - V/\ = ( k - l ) W^ 2k 
k - 1 V M Wl k - 1 

2 e k 
+ M \ W , / (65) 
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The s e c o n d and p a r t i c u l a r l y the t h i r d t e r m s in s ide the b r a c k e t s of Eq, 65 
a r e snnall (at l e a s t for a n u m b e r of c h a n n e l s l e s s than about 10). The cho ice 
of s h o r t t i m e c o n s t a n t s i s t h e r e f o r e an effect ive m e a n s of r e d u c i n g fa l se 
a l a r m s in con junc t ion wi th AND logic , j u s t a s for OR log ic . T h i s r e d u c 
t ion i s , h o w e v e r , l e s s ef fec t ive than in conjunct ion with OR logic , a s m a y 
be s e e n by c o m p a r i n g E q s , 60 and 65, In c o n t r a s t , AND logic with the 
o the r s e t s of t i m e c o n s t a n t s s t i l l r e d u c e s f a l se a l a r m s , w h e r e a s OR logic 
does not (cf, E q s , 59' and 64 ' ) . T h e s e fac ts m a y be explo i ted a s d i s c u s s e d 
in Sec t ion B below. 

T h e d i r e c t conf ron ta t ion of OR and AND log ic , aga in with a l a r m 
se t t i ngs tha t e q u a l i z e the d e t e c t i o n p r o b a b i l i t y , y i e lds 

log f̂  - log fQ = log k - ( k - 1) log Zn - 4 k D ^ U | ( W ^ . (66) 

w h e r e the s e c o n d t e r m in p a r e n t h e s e s i s cleaVly n e g a t i v e . A c c o r d i n g to 
Eq, 51, 

k(w5^. W^) = -2kW,v57M;[G,(l - i M ) + € + [G^(l - l /Vk) ' - e ' ] / w , v 5 M ; ] , ' ^ ' ' ' 

Equa t ion 66 i n d i c a t e s tha t the OR connec t ion b e c o m e s i n c r e a s i n g l y p r e f e r 
able to the AND connec t ion a s the n u m b e r of c h a n n e l s i s i n c r e a s e d ; th i s 
c o n c l u s i o n is e x p e c t e d to be r e a s o n a b l y va l id over a c e r t a i n r a n g e of t i m e -
c o n s t a n t c h o i c e s not too d i f fe ren t f rom se t a. In c o n t r a s t , AND logic can 
a p p a r e n t l y p r o d u c e bene f i c i a l r e s u l t s for long t i m e c o n s t a n t s T b . in which 
c a s e OR c o n n e c t i o n would s e e m to be a m i s t a k e . To e m p h a s i z e the l a t t e r 
point . F i g . 13 shows a plot of the f a l s e - a l a r m f requency for AND logic 
a g a i n s t the n u m b e r of c h a n n e l s , k, g iven t i m e - c o n s t a n t s e t ^ and Tb = 
50 s e c . A c c e p t a b l e v a l u e s a r e ev iden t ly r e a c h e d wi th k equal to 5 to 6. 

T o s u m up the r e s u l t s of th i s s ec t i on in p r a c t i c a l t e r m s , we sha l l 
s u p p o s e tha t a l a r g e n u m b e r of equ iva len t count channe l s a r e s o m e h o w 
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113-660 
Fig. 13. False-alarm Frequency for k-fold AND Logic 

and a Choice of Time Constant Tb = 100 T 
(T = transient duration). To guide the eye, a 
line has been drawn through the points corre
sponding to integers k. This line has a slope 
approaching -log(2Ti) asymptotically. 

a v a i l a b l e , and f u r t h e r speci fy a 
r a t h e r low channe l count r a t e . 
F o r one or two such c h a n n e l s , 
it m a y then , in fact , not be p o s 
s ible to m a k e any va l id p r e d i c 
t ion o r e s t i m a t e of the count r a t e 
when the t i m e c o n s t a n t s , p a r t i c 
u l a r l y Tb, a r e m a d e c o m p a r a b l e 
to the d u r a t i o n of an e x p e c t e d 
s h o r t t r a n s i e n t ( t i m e - c o n s t a n t 
s e t a ) . As m o r e c h a n n e l s a r e 
added in p a r a l l e l ( i . e . , OR log ic ) , 
an equat ion s i m i l a r to Eq . 58, 
but with an E d g e w o r t h c o r r e c t i o n 
t e r m , c a n be r e a s o n a b l y app l i ed . 
Even tua l ly , Eq, 58 should b e c o m e 
val id , A s i m i l a r e x e r c i s e wi th 
long c l ipping t i m e s Tb would be 
wi th in the r a n g e of s t a t i s t i c s (if 
poss ib ly wi th an E d g e w o r t h 
c o r r e c t i o n ) at a c o r r e s p o n d i n g l y 
lower to ta l r a t e , i . e , , when only 
a few c o u n t e r s a r e u s e d . When 
channe l s a r e then added a t the 
input of the c o u n t - r a t e m e t e r , 
s t a t i s t i c a l t h e o r y , wh ich i s un 
ques t ionab ly val id h e r e , p r e d i c t s 
that t h e r e i s no effect ive i m p r o v e -

The s a m e to ta l input r a t e , dep loyed in m e n t of the f a l s e - a l a r m f requency 
AND conf igurat ion, r e s u l t s in r educ ing the f a l s e - a l a r m f requency exponen 
t ia l ly with the number of c h a n n e l s . 

If cos t is not i m p o r t a n t in some s i tua t ion w h e r e p e r f o r m a n c e of 
the h ighes t qual i ty is wanted, and sufficient s t ab i l i ty can be d e s i g n e d into 
the e l e c t r o n i c s , an AND s y s t e m is thus advan tageous in connec t ion wi th 
l a r g e va lues of Tb. w h e r e Tj may be set to s o m e va lue b e t w e e n T and 
Tb a s a p r a c t i c a l l y a c c e p t a b l e c o m p r o m i s e be tween a n n o u n c e m e n t de l ay 
and f a l s e - a l a r m f requency . Such a pol icy would be i nd i ca t ed p a r t i c u l a r l y 
for s i tua t ions in which the du ra t i on of t r a n s i e n t s i s u n c e r t a i n wi th in wide 
l i m i t s . When t r a n s i e n t du ra t i on is d e t e r m i n e d by flow or p r o c e s s i n g speed 
and t h e r e f o r e r e l a t i ve ly wel l known, a choice of t i m e c o n s t a n t s c l o s e to that 
dura t ion , with m a x i m u m dep loyment of O R - a d d e d de t ec t i on c h a n n e l s , wi l l 
give the lowest f a l s e - a l a r m f requency at s o m e a c c e p t a b l e d e t e c t i o n p r o b a 
bi l i ty . T h e s e r e s u l t s a r e p e r h a p s w o r t h point ing out; s i nce the effect of 
s igna l f i l t e r ing on the p e r f o r m a n c e of s ingle channe l s i s often ove r looked , 
such effects tend to be neg lec ted a f o r t i o r i in connec t ion with logic 
p r o c e s s i n g . 
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B e f o r e l eav ing th i s sub jec t , we wi l l add s o m e r e m a r k s c o n c e r n i n g 
the p o s s i b i l i t i e s i n h e r e n t in c o m b i n a t i o n s of AND s y s t e m s with d i f fe ren t 
s e t s of t i m e c o n s t a n t s . 

B. C o m p o s i t e Log ic C i r c u i t s 

In n u c l e a r c o i n c i d e n c e s p e c t r o m e t r y , a c c i d e n t a l c o i n c i d e n c e s can be 
c o n s i d e r a b l y r e d u c e d t h r o u g h s o - c a l l e d " f a s t - s l o w " o r " s l o w - f a s t " l og ic . 
T h e s e logic s y s t e m s b a s i c a l l y c o n s i s t of four c h a n n e l s connec t ed to two 
d e t e c t o r s v iewing the s a m e s o u r c e ; e a c h d e t e c t o r feeds into one " s low" and 
one " fas t " c h a n n e l . C o i n c i d e n t e v e n t s in the s o u r c e r e s u l t in p u l s e s in the 
r e s p e c t i v e fast c h a n n e l s , which a r e p r e c i s e l y t i m e d but have a poor c o r r e 
la t ion be tween p u l s e he ight and event e n e r g y r e l e a s e ; in c o n t r a s t , the slow 
channe l s d e l i v e r poor ly t i m e d p u l s e s , whose he ight con ta ins the d e s i r e d 
ene rgy i n f o r m a t i o n . T h i s is effected by i n t e g r a t i n g f i l t e r s in the s low chan 
n e l s , t h r o u g h which the S / N r a t i o i s i n c r e a s e d as d e s c r i b e d in Sect ion III. 
As a r e s u l t , p u l s e - h e i g h t d i s c r i m i n a t o r s in the s low channe l exhib i t con
s i d e r a b l e t i m e j i t t e r , and s low c o i n c i d e n c e g a t e s m u s t be m a d e a t l e a s t as 
long a s th i s j i t t e r (as d i s c u s s e d in Sec t ion A above) . If, h o w e v e r , fourfold 
c o i n c i d e n c e s be tween s low- and f a s t - c h a n n e l outputs a r e r e q u i r e d , a c c i 
den ta l c o i n c i d e n c e s can o c c u r only when two independent s o u r c e even t s 
d e l i v e r p u l s e s of a p p r o p r i a t e he ight wi th in the fast g a t e s . The fourfold 
co inc idence r e q u i r e m e n t is u sua l l y i m p o s e d in two s t a g e s , combin ing fast 
and slow twofold in each channe l and r e c o m b i n i n g channel outputs in a final 
a d d e r , o r e l s e adding fast and slow c h a n n e l s s e p a r a t e l y and then adding 
outputs of t h e s e s t a g e s . T h e d e s i g n a t i o n s " s l o w - f a s t " and " f a s t - s l o w " have 
b e c o m e c u s t o m a r y for t h e s e a r r a n g e m e n t s . 

T h e ana logy wi th pu l s e p r o c e s s i n g , which w a s men t ioned in S e c 
tion III, a l s o c a r r i e s ove r for c o i n c i d e n c e log ic . T h u s , " s l o w " c h a n n e l s 
have t i m e c o n s t a n t s Tb = Tj > > T (se t P); " fa s t " channe l s may have t i m e -
cons tan t s e t s a o r 7, One p o s s i b l e a r r a n g e m e n t of the logic s y s t e m is 
shown in F ig , 14, F a s t c h a n n e l s h e r e a r e s i m p l y d e r i v e d from the " r a w " 
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Fig. 14 
Block Diagram of "Slow-Fast" Version of Twofold, 
Two-stage AND Logic, dj .dj • dctcctois, of 
closely similar characteristics; H],H2 • detector-
pulse processors (amplifiers/discriminators); 
CRMi,CRNi2 • count-rate meters, with time con
stants Tb: Afj,A[2 • "fast" alarm discriminators 
operating in MNR mode and scanning the raw CRM 
trace; A,i,A52 " "slow" alarm discriminators, also 
operating in MNR mode: F • filters of time con
stant Tb: D - delay of approximately Tb; 
AND,.AND2 • coincidence adders withoutput pulse 

^1 
width T: and AND 1.2 final coincidence adder. 
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output trace of count-rate meters , before passmg this t race through an in
tegrating filter. (In practice, a filter Tj = T may still be inserted.) The 
occurrence of a fluctuation that tr ips the slow channel will then always also 
trip the corresponding fast channel, since integrating filters can only smooth, 
but not add excursions. The smoothing effect is apparent from a compari
son of Eqs. 57 and 57', In the system shown in Fig, 14, which is of "slow-
fast" type, each detector channel delivers a rate given by Eq, 57' to the 
final coincidence circuit, but coincidence gates are kept to length T, delayed 
by Tb in order to encompass jitter in the slow channels. The resultant 
false-alarm frequency delivered by the final coincidence stage comes to 

log f̂  = B + k log y, (63e) 

This frequency is evidently very much lower than either Eq, 63b or 63c 
would predict for one-stage coincidence systems. The central advantage 
of a two-stage scheme lies in its use of only a modest number of detector 
channels. For example, let y = 0,01, where T = 0,5 sec and Tb = 50 sec. 
Then two-stage AND logic processing yields a fa lse-a larm frequency of 
about 3 X 10"', or once every four days, corresponding to five or six slow 
channels from independent detectors (of Fig. 13). There is evidently a net 
saving of equipment, aside from the possible difficulty in accommodating 
six detectors in a scanning head or probe for certain types of transient 
monitors discussed in Section II, 

The system described here still has two inherent drawbacks: F i rs t , 
there is a considerable premium on alarm-level stability, and second, the 
announcement is necessarily delayed by the integrating time in the slow 
channels (in the quoted example, by 50 sec). This makes such a system 
unsatisfactory for an application in which the occurrence of a transient r e 
quires immediate remedial action, such as fuel-failure warning in certain 
reactor plants. Such reactor plants may, however, not even atllow the un
avoidable delay due to the t ransport of fission products from the reactor 
core to the detection station (which requires a minimum time of about 
5 sec in a number of such plants now being designed), A shutdown within 
about 1 sec after a core channel blockage due to debris emitted by a 
"catastrophic" fuel failure can then be effected only by providing direct-
reading instrumentation, e,g., flowmeters. Supposing, however, that a re la
tively mild failure occurs in which channel flow is not immediately reduced 
(or is only slightly reduced); the consequent flowmeter signal may well be 
so small that it can be easily missed. A delayed neutron monitor is then 
still very useful to provide confirmation; for this res t r ic ted purpose, a 
delay of 50 sec should be readily acceptable. The situation described here 
is an example of a general relation between the time taken for a m e a s u r e 
ment and its precision. A two-stage*coincidence system sacrifices speed 
for reliability, whereas a straightforward OR connection of all available 
channels with time-constant set a tends to be unreliable (unless the total 
count rate is high enough), but provides speed. 



57 

Another example in which two-stage AND logic is readily applicable 
is an a rea survey, as discussed in Section II, Here, it may at first appear 
that the delay inherent in such a system will resul t in associating the wrong 
coordinates with the event. Note, however, that this delay is precise and 
thus resul ts in an offset of equivalent precision which can be allowed for in 
the registrat ion device. 

To sum up, composite logic processing can reduce false a larms 
considerably and thus mer i t s ser ious consideration where a precise 
announcement delay can be tolerated. 
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VII. SUMMARY 

A. Theory 

This report discusses the use of relatively simple electronics equip
ment to detect count-rate transients in a channel that normally delivers 
random "background" counts at a quasi-constant mean ra te . The basic 
problem m this task is the reliable distinction between such t ransients and 
statistical excursions of the background, a mat ter essentially of exercising 
judgment in the visual inspection of a record delivered by the equipment. 

In favorable cases, judgment is improved through experience and 
becomes more reliable as the "signature" (the shape of the transient char
acterist ic of the causative chain of events that results in the count-rate 
excursion) becomes established. For these situations, the equipment may 
only be required to produce a record in which transient shape is readily 
recognizable and amplitude is enhanced relative to background excursions, 
as considered in Section III. More generally, another equipment function is 
required; The transient must be announced, possibly in addition to being 
displayed. The latter requirement has certain quantitative implications, 
discussed in Sections IV and V. In marginal situations, the performance 
of the alarm discriminator may be improved by logic processing of the out
puts of several channels, as discussed in Section VI, 

The readability of the display is in part a matter of setting the time 
constants of the processor so as to maximize the S'/N ratio of the channel; 
in part, more qualitative considerations come into play. In a straightforward 
treatment of the S^/N ratio, the signal may be taken as the peak response 
to a standard square transient of duration T, while the noise is the rms 
background fluctuation calculated by Campbell 's theorem. The resultant 
equation suggests that at least one of the filter time constants be made com
parable to T. Moreover, the readability of complex transients also improves 
as the CRM or input time constant (which plays here the role of the input 
RC circuit of a nuclear detector and preamplifier) is made comparable to 
the transient duration. This may not be fully realized by operating person
nel, particularly since count-rate meter channels required to detect slow 
variations in the input rate demand the longest possible time constant. 
Since count-rate meters are generally used to detect slow rate variations, 
they are often equipped with a switch labeled "percent e r ro r . " For t ran
sient detection, this designation must be ignored. Moreover, the set of 
time constants provided in the instrument may have to be changed, and it 
is further desirable to provide a second or integrating time constant (which 
improves the S'/N ratio somewhat and is important in connection with the 
a larm discriminator discussed in Sections IV and V), Finally, a second 
clipping stage is needed to make a larm-discr iminator performance indepen
dent of background. In certain transient-detection situations, it may be 



expedient to provide two independent p rocessor channels, fed by the same 
detectors , with somewhat different filtering. Each channel can thus be 
optimized for a t ransient of certain mean duration. 

The equations giving the S'/N ratio are valid only as long as 
Campbell 's theorem (through which the mean background fluctuation is 
calculated) applies. As discussed in Sections IIl-VI, this theorem is 
meaningful only for large values of the statistic nTb, where Tu = equipment 
time constant and n = mean background ra te . Evidently, situations can 
occur in t ransient monitoring where this statistic is small when Tb has 
been set to be comparable with T, This does not mean that one should then 
use a longer time constant, or that one should not make every reasonable 
effort to reduce the background. It does suggest the possibility of increas
ing the number of detectors or the intensity of the source (for a stimulated 
response system) in order to achieve a more reliable quality of performance. 

When an a la rm discr iminator is used to alert personnel to the oc
currence of a t ransient or to record transients automatically (as in an area 
sweep-survey system), the choice of a la rm level is added to the choice of 
filter time constants. Moreover, the semiqualitative cr i te r ia of S /N ratio 
and signature recognizability are replaced by more quantitative, if s ta t is 
tical, performance pa rame te r s : fa lse-a larm probability per unit time, 
detection probability, and mean delay between onset of the transient and 
alarm. Optimization of the equipment variables implies a tradeoff between 
these interrelated detection-quality pa ramete r s . The confidence with which 
one may calculate the detection probability is largely predicated on the 
degree of correspondence between the model on which the calculation must 
be based and real t rans ients . As regards the^a l se -a la rm frequency, a 
first survey, presented in Section IV of this report, yields a straightforward 
formula, str ictly valid only for background rates that may be somewhat un
real is t ic . This is due to the dependence of this formula on the distribution 
of the t race slope as well as of the t race level, which makes the false-alarm 
frequency even more sensitive to the statistic nTb than the S /N ratio, 
considered above. Within this ra ther limited range of applicability to p rac
tical t ransient-detect ion problems, the false-alarm frequency, when plotted 
against the filter time constant at a fixed detection probability, shows a 
spectacular dip for small t ime constants, where the improvement in S /N 
ratio makes itself felt. This choice of time constants also corresponds to 
minimum delay time and thus might be considered mandatory where the 
transient is connected with a serious hazard. The fa lse-alarm frequency 
also dec reases more gradually for very long time constants, due to the de
creasing frequency of background excursions, which for those time con
stants may have amplitudes considerably in excess of the mean excursion 
due to a genuine t ransient . 
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To extend the r ange of val idi ty of the f a l s e - a l a r m f r equency f o r m u l a 
t o w a r d p r a c t i c a l l y e n c o u n t e r e d backg round r a t e s , m o r e r e a l i s t i c t r a c e l e v e l 
and s lope d i s t r i b u t i o n s m u s t be u s e d in f a l s e - a l a r m f r equency c o m p u t a t i o n 
(which u s e s , in the f i r s t a p p r o x i m a t i o n , G a u s s i a n d i s t r i b u t i o n s for both l e v e l 
and s lope) . D i s t r i bu t i ons that do not differ s t r o n g l y f r o m G a u s s i a n s h a p e 
can be d e s c r i b e d m t e r m s of the p r o d u c t of a G a u s s i a n and a c o r r e c t i v e 
s e r i e s , such as the G r a m - C h a r l i e r s e r i e s o r the E d g e w o r t h s e r i e s , of wh ich 
the l a t t e r has the advan tage of al lowing a s t r a i g h t f o r w a r d eva lua t i on in 
t e r m s of the f i l ter r e s p o n s e . On the s t r e n g t h of t h i s a n a l y s i s , one m a y 
p r e d i c t the f a l s e - a l a r m f requency wi th m o r e conf idence wi th in a r e a d i l y 
defined s t a t i s t i c a l l imi t . M o r e o v e r , the dependence of the r e l a t i v e l y s t r o n g 
f i r s t c o r r e c t i o n A(dV/de^) t e r m on the s y m m e t r y of the p u l s e s h a p e d e 
l i v e r e d by the f i l te r s u g g e s t s the p o s s i b i l i t y of cance l ing th i s t e r m by s p e 
cia l f i l t e r ing and thus ach iev ing , at l e a s t over a l i m i t e d r a n g e of t i m e 
c o n s t a n t s , a lower f a l s e - a l a r m f requency at given d e t e c t i o n p r o b a b i l i t y . 

This poss ib i l i t y of o v e r a l l qua l i ty i m p r o v e m e n t i s rough ly a n a l o g o u s 
to c e r t a i n tvpes of smooth ing funct ions , which can be shown to i m p r o v e the 
r e t r i e v a l of a r e c u r r e n t s igna l b u r i e d in no i se , a sub jec t tha t h a s r e c e i v e d 
c o n s i d e r a b l e a t t en t ion in r e c e n t years .^^ In the p r e s e n t con tex t , i t a m o u n t s 
to r educ ing or r emov ing al l odd m o m e n t s of the d i s t r i b u t i o n . T h e f i r s t 
m o m e n t i s r e m o v e d by any f i l te r that b locks dc c o m p o n e n t s ; the a b o v e -
men t ioned dominan t con t r ibu t ion to the f a l s e - a l a r m f requency in the r e g i o n 
of i n t e r e s t i s due to the t h i r d m o m e n t . 

C e r t a i n ana log ie s wi th the c o r r e s p o n d i n g p r o b l e m of b a c k g r o u n d 
e l imina t ion in n u c l e a r count ing w o r k fu r the r s u g g e s t that the f a l s e - a l a r m 
f requency can be r e d u c e d th rough logic p r o c e s s i n g of i ndependen t outputs 
of s e v e r a l c h a n n e l s . A c l o s e r look at t h i s p o s s i b i l i t y , p r e s e n t e d in S e c 
t ion VI, d i s c l o s e s tha t a s t r a i g h t f o r w a r d c o i n c i d e n c e r e q u i r e m e n t * r e s u l t s 
in a h ighe r o v e r a l l f a l s e - a l a r m f requency than the addi t ion of a l l c h a n n e l s 
ahead of a s ing le a l a r m d i s c r i m i n a t o r , p r o v i d e d that m i n i m u m t i m e con 
s tan t s a r e chosen . Such a logic s c h e m e does not, howeve r , u s e a l l the 
i n fo rma t ion ava i l ab le f rom the equ ipment , c o n s i d e r i n g both a m p l i t u d e and 
t i m e dependence of t r a c e e x c u r s i o n s . An a r r a n g e m e n t s i m i l a r to a " f a s t -
s low" co inc idence s y s t e m can take advan tage of the r e l a t i v e l y low f a l s e -
a l a r m f requency of an a l a r m d i s c r i m i n a t o r s i t t ing on a f i l t e r ed t r a c e , and 
the s h a r p t iming of a l a r m s d e r i v e d f rom u n f i l t e r e d t r a c e s , to r e s u l t in a 
wor thwhi l e o v e r a l l r e d u c t i o n of f a l s e - a l a r m f r e q u e n c y . 

The p o s s i b l e i m p r o v e m e n t s of a l a r m - d i s c r i m i n a t o r p e r f o r m a n c e 
th rough r e s p o n s e pu l se shaping or t h rough the m o r e e l a b o r a t e m e a n s of 
logic p r o c e s s i n g a r e , at th is s t age , only s u g g e s t i o n s that r e m a i n to be 
t e s t e d . In fact, the ba s i c r e l a t i o n s be tween count r a t e , t i m e c o n s t a n t s . 

•Between some arbitrary number of alarm discriminators fed by independent and equivalent detector channels 
(all viewing the same source of background and transients). 
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alarnn level, and fa l se-a la rm frequency given in this report are equally in 
need of experimental verification, for which purpose an experiment has 
been s tar ted. A count rate one to two orders of magnitude higher than the 
practically encountered range is used in this test, with appropriate scaling 
of time constants. Even so, false a l a rms in the upper range of level set
tings a re accumulating at a slow rate, and the experiment must consequently 
continue over a long period before statist ically significant information is 
available. Any schemes for further improvement must await these resul t s . 
In a pract ical sense, these schemes can be considered seriously only when 
all other means, such as increasing the number of detectors and improving 
the geometry, have been implemented but still fail to provide adequate per
formance. The cost of such measures is evidently justifiable if it can be 
shown that failure to detect a genuine transient may result in a very serious 
health hazard, equipment failure, or other untoward event, while, on the 
other hand, a high fa l se-a la rm frequency results in an equally intolerable 
burden on operating personnel and waste of t ime. Fuel-failure detection 
in fast reac tors is at least one application of transient detection where a 
fairly high investment and development cost is not unreasonable. 

B, Applications 

In Section II, severa l different transient monitors were mentioned 
and partially described; we add here only some remarks regarding the 
applicability of the theoretical framework developed above to some par t i 
cular sys tems . Sweep-type systems, which search for a steady source (or 
stimulated emission) by displacement of the detector, allow some latitude 
in parameter adjustment and a re generally able to accommodate a re la
tively high fa l se -a la rm frequency, especially^if the search can be readily 
interrupted for a closer second look. These are , however, exceptions such 
as t rack-pla te scanning and related scanning tasks where stopping is not 
allowed, since the equipment normally runs unattended. The purpose of 
such an instrument is basically connected with a des i re to save time and 
effort. The automatic scanner competes against the skill of personnel 
trained in t rack scanning, and thus must offer speed and reliability at a 
reasonable equipment cost. The processor time constant for scanning must 
be comparable to, or shor ter than, the duration of the transient, as deter
mined by sweep speed and aper ture , so as to provide a direct means of 
determining the location on a clock device that is coupled to the sweep (for 
example, a sca ler counting interferometer fringes, an interferometer being 
mounted on the plate car r iage) . The "background" is adjustable here 
through the intensity of illumination; the transient is a reduction rather 
than an increase in the count ra te . 

The duration of t ransients due to t racks is generally not fixed; it 
may be one of the pieces of information sought. The equations presented 
in this report thus require some modification to extract relations from 
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which to find o p t i m u m se t t i ngs for ad jus t ab le p a r a m e t e r s in th i s p r o b l e m : 
the sweep speed , i l lumina t ion , p r o c e s s o r t i m e c o n s t a n t s , and d i s c r i m i n a t o r 
l eve l . F o r those s e t t i ngs , a fa l se ind ica t ion p r o b a b i l i t y for the whole s w e e p , 
and a c o r r e s p o n d i n g nonde tec t ion p r o b a b i l i t y , can be e s t i m a t e d . T h i s e x 
a m p l e of a t r a n s i e n t m o n i t o r i s ev ident ly s i m i l a r to a r e a s c a n s in m e d i c i n e 
and a s t r o n o m y , 

A final r e m a r k c o n c e r n s the f u e l - f a i l u r e m o n i t o r , f r equen t ly m e n 
t ioned throughout th is r e p o r t and d e s c r i b e d in Sec t ion II, Such s y s t e m s 
a r e often only c o n s i d e r e d af ter r e a c t o r p lant c o n s t r u c t i o n is we l l on i t s 
way, and thus may have to m a k e do with l e s s than f a v o r a b l e c o n d i t i o n s . 
Evident ly the m o s t p r a c t i c a l s t ep t o w a r d i m p r o v i n g the o v e r a l l p e r f o r m a n c e 
of th i s type of t r a n s i e n t d e t e c t o r would be an e a r l y c o n s i d e r a t i o n of i t s r e 
q u i r e m e n t s , f i r s t and f o r e m o s t the i n t e r p r e t a t i o n of the t r a n s i e n t s t r e n g t h 
and shape in t e r m s of type , extent , and p e r h a p s a p p r o x i m a t e l o c a t i o n of a 
fuel f a i l u r e . In ex i s t ing i n s t a l l a t i o n s , such c a u s e - a n d - e f f e c t r e l a t i o n s h i p s 
a r e l a r g e l y i n d e t e r m i n a t e . 

This u n c e r t a i n t y is due in p a r t to the v a g a r i e s of the flow p a t t e r n , 
d i s c u s s e d e l s e w h e r e , ' ^ and in p a r t to l ack of i n f o r m a t i o n c o n c e r n i n g the 
de t a i l s of the c ladding r u p t u r e i tself . The a s s u m p t i o n m a d e in t h i s r e p o r t , 
tha t f i s s ion p r o d u c t s a r e highly l o c a l i z e d as they p a s s t h r o u g h the d e t e c t o r , 
i m p l i e s a c e r t a i n flow p a t t e r n , a s we l l as v e r y r a p i d r e l e a s e of the c o n t a m 
ina t ion . F o r an un favorab le flow p a t t e r n , * t i m e l y d e t e c t i o n of f u e l - c l a d d i n g 
r u p t u r e may be difficult . F ina l l y , a coolan t channe l m a y be p a r t i a l l y o r 
e n t i r e l y b locked sho r t l y before r u p t u r e o c c u r s , in which c a s e the in jec t ion 
of f i s s ion p r o d u c t s into the m a i n coolan t s t r e a m would y ie ld a c o n s i d e r a b l y 
a t t enua ted t r a n s i e n t s igna l . 

T h e s e r e m a r k s point to the need for f l o w - p a t t e r n s t u d i e s and s i m i 
l a r w o r k in suppor t of a r e a l i s t i c p r o g r a m of f u e l - f a i l u r e i n d i c a t i o n i m 
p r o v e m e n t , t o g e t h e r wi th c o n c u r r e n t d e v e l o p m e n t in s igna l p r o c e s s i n g . 

*The flow pattern may vary considerably over the core face, such that a slug of contamination originating 
in certain regions is dispersed in turbulent eddies while a similar cladding burst elsewhere results in a 
strong signal. 
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VIII, SYMBOLS, FORMULAS, AND CONCLUSIONS 

The formulas derived in the text and in the appendixes a re collected 
here for eas ier reference, and principal inferences and conclusions are 
briefly res ta ted. Subsections a re labeled with the names of the sections to 
which they refer. 

A, Introduction 

A large variety of different types of instruments can be classified 
as transient detectors , on the basis of the following common features: 
(1) Input is a random count, Poisson distributed in time, with superposed 
transient rate increases of short duration; (2) these t ransients are generally 
r a re and occur unpredictably; and (3) the purpose of the instrument is to 
detect such t ransients with high reliability. 

Some of these instrument systems are required to record and dis
play t ransients , possibly with enough detail to allow recognition of the 
"signature" of the event'that caused the transient. Other instruments have 
the pr imary purpose of warning, usually within a short announcement delay. 
For the general case, certain specific methods of processing the input 
will (a) provide the best display; and/or (b) provide the most reliable warn
ing. These methods a re discussed here, 

B, Specific Transient-detect ion Systems 

Transient-detect ion equipment may be conveniently classified ac
cording to function. One kind of transient detector searches an area; a 
transient occurs whenever the scan passes over a source. However, this 
transient detector type is not emphasized in this report, which is mainly 
concerned with the other kind of transient detector, a stationary survei l
lance instrument; the occurrence of a transient signifies a malfunction or 
other untoward event. The pr ime example of this kind of transient monitor, 
considered in some detail here, is a fuel-failure monitor used in connection 
with a high-power-density reactor plant, 

C, Response of the P r o c e s s o r 

We suppose that pulses randomly spaced in time are applied to the 
input of a channel consisting of a count-rate meter with certain additional 
fi l ters, each filter being described by a time constant. Normally, the CRM 
time constant is the equivalent of a differentiator with time constant Tfa. A 
following smoothing filter or integrator has time constant TJ ; and a final 
clipper, which may or may not be present , has a time constant labeled here 
T^. More complex fi l ters a re not discussed. Any differentiating t ime con
stant that is very much longer, or integrating t ime constant very much 
shor ter , than other circuit t ime constants can be neglected; the circuit will 
respond as if this filter element were absent. 
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The combined filter delivers a continuous voltage or current analog 
of the input rate, modified by the filter response function. We now suppose 
that there are occasional transients in the input rate, of well-defined dura
tion and intensity. The object of the filter is to portray such t ransients in 
a form that allows them to be readily distinguished from the natural s ta t i s 
tical fluctuations in the normally prevailing background rate . Let 

n = input mean background rate, 

M = number of input pulses in the transient, quasi-uniformly 
spaced, 

T = duration of the transient, 

Tb = CRM or first-differentiation time constant, 

Tj = integration time constant, 

T^ = second-differentiation time constant, 

y = T/Tb, 

z = T/Tj , 

D̂  = MYN, 

and 

N = nT, 

The quality of the presentation is determined by the ratio of peak 
response to the transient to the square root of the second moment, or var i 
ance, of the t race due to background alone. The lat ter is supposed to be 
calculable through Campbell 's theorem. Input pulse length is assumed 
negligible in comparison with any other time pa ramete r s . Let 

l^max - peak transient response, 

â  = second moment of the trace, 

and 

Then, for arbi trary Tb and Tj, and Ta » Tj and Tb, 

R^ = 2 D % - ' + z - ' ) ( e y - l ) " / < ^ - y ^ e - - l ) ' y / ' y - " ' , (17) 

As a further special case, let Tj << TbJ then, 

R^ = i £ ! (1 - e-y) ' = 2DVh^y = D̂ Û „, (10) 



Another important case, Tj = Tb, yields 

R^ = 4(DVh^y) exp[-2y(h- D] = D^Uf, 

where the function 

(17') 

h = ( 1 - e-V) , (U) 

and the response functions 

Uo = v^/hVy (12) 

and 

Ul = (2/hVy) exp[-y(h- 1)] (20) 

have been introduced. Fur ther defining 

Z^ = 1 + y^h(h- 1), (21) 

we find a response for three equal time constants, Ta = Tb = Tj, 

R^ = D'Vz = (16DVh^){exp[-2y(h- 1)]}{(Z- 1)̂  exp[2(Z- 1)]}, Ui) 

hence 

U2 = 2Ui(Z - 1) exp(Z- 1), (23) 

which is derived in Appendix B, Equations 12, 20, and 23 are plotted in 
Fig. B . l . 

Finally, consider the response for a digital channel in which square 
pulses of length Tb a re produced for each input; this comes to 

and 

R^ = D ^ , y £ I, 

DVy, y 2 I, 

(24) 

The following conclusions are pertinent: 

1. Each of these response functions peaks for values of Tb near 
T, i.e., for values of y near unity. The actual peak values do not differ 
much, amounting to 0,8 to 0,9 t imes the detectivity D; a single differentia
tion and equal integration are about best. 
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2, When the expec ted d u r a t i o n T is s h o r t e r than the e l e c t r o 
m e c h a n i c a l i n t eg ra t i on t i m e cons t an t of the c h a r t r e c o r d e r u s e d in d i s p l a y , 
the r e s u l t a n t r e c o r d is n e c e s s a r i l y p a r t l y f i l t e red , even when the e q u i p m e n t 
is o t h e r w i s e j u s t a s tock c o u n t - r a t e m e t e r with s ing le t i m e c o n s t a n t Tb-
Adequa te d i sp lay fu r the r i m p l i e s a n o t h e r p r o b l e m : T h e p a p e r feed r a t e 
m u s t be high enough to s p r e a d the t r a n s i e n t peak ove r , say , s e v e r a l i n c h e s . 
T h e s e p r o b l e m s evident ly r e q u i r e s p e c i a l s o l u t i o n s , 

3, The c u s t o m a r y u s e of c o u n t - r a t e m e t e r s for d i s p l a y i n g s lowly 
v a r y i n g count r a t e s often l e ads to the u s e of long c o u n t - r a t e m e t e r t i m e 
cons t an t s Tb for t r a n s i e n t m o n i t o r s . The equa t ions giving R a s a func
t ion of t ime p a r a m e t e r s ind ica te that th i s is a poor cho i ce , 

D. P e r f o r m a n c e of the D i s c r i m i n a t o r at High B a c k g r o u n d R a t e s 

If we now fu r the r suppose that the channe l output i s m a d e to t r i g g e r 
an a l a r m w h e n e v e r the t r a c e e x c e e d s s o m e p r e s e t value, the quality of the 
p r e s e n t a t i o n can be d e s c r i b e d in an e n t i r e l y quan t i t a t i ve way t h r o u g h the 
de t ec t ion p robab i l i ty , f a l s e - a l a r m f requency , and m a x i m u m a n n o u n c e m e n t 
delay . To o v e r c o m e the effect of slow v a r i a t i o n s in the b ack g ro u n d , a f inal 
c l i ppe r is u sed in the output s tage of the f i l t e r , mak ing the a l a r m t r i g g e r 
a m e a n - n o i s e - r e f e r e n c e (MNR) i n s t r u m e n t . L e t 

g = de tec t ion p robab i l i t y , 

A = n u m b e r of p u l s e s that have to p i le up to t r i g g e r the a l a r m , 

and 

f = f a l s e - a l a r m f requency . 

Then, in the l imi t , w h e r e the d i s t r i b u t i o n of t r a n s i e n t counts can be d e 
s c r i b e d by a G a u s s i a n with m e a n and v a r i a n c e M + N, one can define the 
de t ec t i on p robab i l i t y for an MNR a l a r m d i s c r i m i n a t o r by 

g = i [ l +<I>(G)] - 1 - Be-P*^, ( 2 5 " ) 

w h e r e 

G = ( M - A ) / ( 2 M ) ' / ^ (26') 

We suppose that M can be e s t i m a t e d f rom c a l i b r a t i o n t e s t s and is thus a 
known p a r a m e t e r . The c o n s t a n t s 

B = 1.90 

and 

p = 3,17 

give a r e a s o n a b l e fit ove r the useful r a n g e 0,90 :S o :< n qq 



Under conditions where A has been selected to obtain a certain 
value of g, in the limit of large values of nTfa throughout the range of Tb, 
and with equal t ime-constant filtering, 

log f = log (y/27TT) - i D ^ U > ^ (32) 

where the pa ramete r s T, y, D, and Ui have been defined above and 

W = 1 - ( 2 / M ) ' / 2 G . (33) 

The relationship between these various paramete rs can be judged 
from the following table of limiting values: 

W f -^ iL 
0 ( M / 2 ) ' / 2 1 0 y/27TT 

M 0 0,5 1 (y/2TrT) exp(-D^Uf/2) 

The case of different filter time constants (Tj < Tb) is briefly de
scribed in Section VI, which leads to the conclusion that the performance 
is worse with short integration (but can be improved, as considered in Sec
tion V, with pulse symmetrization). 

The following general conclusions apply: 

1. The fa l se-a la rm frequency for a chosen detection probability 
can be calculated with confidence from Eq. 32 only when nTb » 1- That 
equation then predicts a spectacular reduction in f for Tb ~ T. Such a 
choice of Tb therefore implies that nT » 1 to make Eq. 32 applicable; 
when this is not the case, the fa lse-a larm frequency cannot be estimated 
reliably. 

2. This breakdown of stat ist ical theory does not necessari ly imply 
that large t ime constants should be preferred. In the large Tb range, 
Eq. 32 2S valid and descr ibes a situation that is inadmissible in most p rac
tical applications of t ransient monitoring. Let Tf = mean time between 
false a l a rms ; then Tf = 27TTb in the limit of very long time constants. 
We must now consider that Tb is also the maximum announcement delay. 
Moreover, the response to real t ransients shrinks, for such large values of 
Tb, to a level comparable to the unavoidable a larm-level j i t ter due to in
strument noise, 

3. Intermediate or compromise values of Tb can easily result in 
part icular ly high values of f. Unfortunately, these are frequently the values 
available in stock count-ra te m e t e r s . 
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E. Fa l se -a la rm Frequency for Practical ly Encountered Background Rates 

The condition that nTb ^^ large over the entire range of time con
stants, down to Tb = T, is often not met in practical transient-detection 
problems. Equation 32 becomes increasingly inexact with declining values 
of Tb (corresponding to increasing values of y). A somewhat more reliable 
formula can be found on the basis of Edgeworth's se r i e s . One finds that 

l o g - = log (u/2Tr) +log[l - E(u)] - iH^ufl - Zc'u' + 2 , l l e V - , , , ] , 

where 

and 

H = (2M/e)[l - ( 2 / M ) ' / ^ G ] 

e' = Ny24, 

Further, 

E(u) = f kju' 

(48) 

(46) 

(47) 

(49a) 

is the "Edgeworth correction" in te rms of the parameter 

u = (nTb)"' = y/N- (44) 

The coefficients ki k; are functions of H, N, and the type of 

filter used; for Tb = Tj, they are 

ki = 3(Ha + b) + c, 

ki = H^a + H^d + 3(Ha + b) c. 

and 

kj = H*e + 3Hae^ + (H^a + H^d) c, 

k4 = H V / 2 - 6H^d£^ - 3H^ae2 + (H^e + 3Hae^) c. 

ks = e2[4H*e - 3,3Hae2] + H ' a y 2 - 6H^de2 - m'ae') 

with numerical constants 

(49b) 



a = 0.0987654, 

b = 0,0087615, 

c = 0,0195973, 

d = 0.1257285, 

e = 0.0575345, 

(49c) 

derived from Campbell 's theorem. 

To the general conclusions of Section D above, we add here: 

1, Equation 48 is useful only within a factor of about two, i,e,, for 
corrections that add up to unity. Beyond that, the statistical basis of some 
of the assumptions that allowed the derivation of this equation begin to fail. 

2, Equation 48 is derived from a modified Gaussian distribution, 
containing both even (symmetric) and odd (antisymmetric) correction t e rms . 
The lat ter t e rms , which would change sign for an a larm level below mean 
noise, must vanish when the input pulse response of the filter is symmetr ic . 
However the symmetry must be fairly precise , so that the component of the 
pulse appearing below zero is an exact delayed replica of the pulse compo
nent above zero. A filter or set of filters that yields such a response would 
therefore improve the performance of a transient detector and is recom
mended, (Details are presented in Appendix B,) 

% 
F, Logic Process ing of Transient-detection Channels 

In considering the effect of certain combinations of independent 
channels, we suppose that k identical detectors are available, and let 

M, number of signal inputs in each channel; 

g, = detection probability in each channel, when equipped with 
a l a rm set at a pa ramete r Gi (defined below); 

and 

fl = fa l se-a la rm frequency in each channel. 

The following cases are now described: 

1, All channel inputs a re combined and fed to a single processor . 
This process ing is called the OR scheme. Let 
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and 

kMi = s igna l pu l s e n u m b e r (OR); 

gQ = de tec t ion p r o b a b i l i t y (OR), at a p a r a m e t e r G Q 
(defined below); 

fQ = f a l s e - a l a r m f requency (OR), 

2, Channe l s a r e p r o c e s s e d by i den t i ca l p r o c e s s o r s , and g a t e s 
g e n e r a t e d by " a l a r m s " in the p r o c e s s o r outputs a r e app l i ed to a k - fo ld 
co inc idence c i r c u i t , whose output in t u r n t r i g g e r s the o v e r a l l ( ac tua l ) 
a l a r m . F o r th i s p r o c e s s i n g method , ca l l ed h e r e the AND s c h e m e , l e t 

and 

gA = de t ec t i on p r o b a b i l i t y (AND), 

f A = f a l s e - a l a r m f requency (AND). 

To m a k e a fa ir c o m p a r i s o n be tween a s ing le channe l , a k- fo ld OR s y s t e m , 
and a k-fold AND s y s t e m , we i m p o s e the condi t ion that d e t e c t i o n p r o b a 
b i l i t i e s be se t equa l for t h e s e t h r e e s i t u a t i o n s . 

51 - SO (52) 

and c o m p a r e r e s u l t i n g f a l s e - a l a r m f r e q u e n c i e s . T h i s c o m p a r i s o n f u r t h e r 
r e q u i r e s spec i f i ca t ion of t i m e c o n s t a n t s , for which we s e l e c t t h r e e r e p r e 
s e n t a t i v e s e t s 

(a) Tb = Tj = T, 

iji) Tb = T j » T, 

and 
(56) 

(7) T b » Tj = T, 

The de t ec t i on p r o b a b i l i t i e s gj a r e e x p r e s s e d in t e r m s of p a r a m e t e r s Gj by 

gj = 1 - B exp(-pGj) ; i = 1, O, A; (25") 

which fu r the r l e ads to the def ini t ion of useful q u a n t i t i e s W J : 

Wl = A I / M I = 1 - G i y 2 / M , , 

and 

W, 

W, 

= A g / k M i = 1 - G o ^ 2 / k M , , 

A . / M , = 1 - 0 ^ 7 2 / M , 

(51) 



The numbers Aj a re settings of respect ive a la rm discr iminators , co r r e 
sponding to the number of pulses contained in a transient that is just barely 
accepted (any number s A t r iggers the a la rm) . From Eqs, 51 and 25", we 
further obtain the useful relation 

Gl = G Q = G^ - (log k)/p. 

We then find the single-channel fa lse-a larm frequencies 

log f, = -log 27rT - \D'V\W], (a) 

log fl = log y - log 27TT, (/3) 

and 

log fl = i l o g y - log 27rT, (7) 

For the OR system, similarly, 

log IQ = -log 27TT - i kD 'u fW^, (a) 

log fo = log y - log 27rT, 

and 

O) 

(7) log iQ = i^og y - log 27rT. 

For the AND logic system, * 

log f̂  = k log ff + (k- I) log T Q + log k, 

where now 

log ff = -log 27TT - iD^U^W (a); 

and 

(54) 

(57) 

(58) 

(61) 

log ff = log fp O) and (7). 

The coincidence gate T Q is chosen to cover the timing uncertainty: 

T Q = T, (a) and (7); 

T Q = T, , O); 

(62) 
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r e s u l t i n g in AND channel fa l se a l a r m s at the r a t e s 

(a) 

log f^ = B + log y, O) 

logf^ = B - | D ^ U ^ W X , 

and 

w h e r e 

log fA = B + i f o g y. (7) 

(63) 

B = log k - log 27TT - ( k - 1) log (2Tr), 

We may now c o m p a r e f i r s t the OR and s i n g l e - c h a n n e l c a s e s : 

log fo = log fl - i D^U^(kW2o - W^), (a); 

and (59) 

log fo = log fl, O) and (7); 

w h e r e 

k ( W ^ - W f ) = ( k - 1)[1 - 2 ( l - W i ) / ( l + V ^ ) ] . 

S i m i l a r l y , c o m p a r i n g AND and s i n g l e - c h a n n e l c a s e s y ie lds 

log fA = log fl + log k - ( k - 1 ) log (27T) - i D'[j\{kW'j^ - W\). (a); 

log fA = log fl + log k - ( k - 1 ) log(27r), 0 ) and (7); 

v /here 

(kWj^-W^) = ( k - 1 ) W^. 

F ina l ly , a d i r e c t c o m p a r i s o n be tween AND and OR s y s t e m s y i e ld s 

log fA = log fo + log k - (k - 1) log (27r) + i D^U^(W^ - Wj^), 

w h e r e 

k(W^-W5^) = 2 k W , v ^ 7 M , | G i ( l - l / A ) + e + [G^(l- l / A ) ' - e^]/WiVSM",|, (67) 

(60) 

(64) 

(65) 

(66) 
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These formulas reveal that: 

1, The OR connection is preferable in conjunction with t ime-
constant set a. This provides the smallest announcement delay and best 
reliability of the stat is t ical theory on which all these equations are based, 

2, The OR connection with sets ^ or 7 yields no improvement 
over a single channel and is therefore il l-advised, 

3, For sets /3 and 7, the AND connection resul ts , in contrast, in 
a steady improvement with addition of more channels, which is about the 
same for set /3 or 7 in comparison to a single channel. The overall false-
alarm frequency is , however, very much smaller for set p. 

These conclusions further suggest that a composite logic system, 
consisting of two stages of AND logic, can reduce the false-alarm frequency 
in connection with t ime-constant sets ^ and 7, by overcoming the time un
certainty inherent in the choice P such that the false-alarm frequency be
comes that pertaining to this set, but with a gate T Q = T: 

log f̂  = B + k log y. (63e) 

This implies the following additional conclusion: 

4, For any transient-detection problem that can tolerate a precise 
announcement delay, a two-stage AND system can effect a very low false-
alarm frequency, at a lower equipment cost than a multiple one-stage AND 
system. Detection problems in this category include scaruiing systems and 
fuel-failure monitoring systems complemented by direct-reading instru
mentation. In the lat ter case, the t ransient detector provides confirmation, 
at enhanced sensitivity and reliability, of the verdict rendered by the other 
instrument. 
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APPENDIX A 

An Alternative Derivation of the Fa l se -a l a rm Frequency 

The false-alarm frequency, or crossing frequency of a given level 
in the upward direction was derived in Section IV on the basis of a heurist ic 
argument, following Campbell and Franc is . ' To show that the same result 
is obtained from a mathematically more rigorous argument, we shall con
sider here the zero-crossing rate, a quantity related to the fa lse-a larm 
frequency, by applying a number of equations derived in several of the 
standard texts cited in the list of references,^- ' '^ ' 

The zero-crossing rate at zero level can be related in a straight
forward way to the probability P(xy < 0) that a t race sample, x(t), taken at 
time t and another sample, y(t + T), taken a small time T la ter , have oppo
site signs, such that the t race must have crossed the zero (with respect to 
which sample height x is defined) an odd number of t imes . 

This probability is formally derived from the correlation coefficient 
r for the joint distribution of two random processes . We suppose here 
that these processes are each described by Gaussian distributions, such 
that their joint distribution is given by 

£ ( x , y ; o ^ , O y , r ) K^v^^)'-{[(^/lt)^-(a;) f^^-j- (A.1) 
It may now be shown that 

P(xy < 0) = (cos- ' rj/Tt. (A.2) 

For the foregoing situation, we further can write the correlation 
coefficient in t e rms of the autocovariance 

R { T ) = / F( t )F( t -T) dt, (A.3) 

r = R ( T ) / R ( 0 ) . (A.4) 

If we now consider a very small delay, T, the probability of an odd 
number of crossings amounts to the single crossing probability, and even 
that is small enough to allow expansion of the cosine with retention of only 
the first two t e r m s . Thus, we obtain the single-crossing probability 
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Pl = (y2/Tf)[R(0) - R(T)]"Vv^T0T. (A.5) 

Now the autocovariance, R ( T ) , is an even function; hence, its expansion with 
respect to T about the origin can be written 

R(T) = R ( 0 ) + iR"(0)T^ + ... . (A.6) 

Hence, for small T, we obtain directly the zero-cross ing frequency by in
serting Eq. A.6 into Eq. A,5 and dividing by T: 

f„ = (l/7t)[-R"(0)/R(0)]' ' '^ (A.7) 

The autocovariance, R(0), given by Eq, A,3 with T = 0, is identical 
with the second moment of the level distribution calculated by Campbell 's 
theorem. From this , we find 

fo = ( l / T : ) | / [ F ' ( t ) ] ^ d t / / [ F ( t ) ] ^ d t j ' ^ ^ (A.7') 

Hence, the zero-cross ing frequency is established as proportional to the 
ratio of the second moments of the level and slope distributions, respec
tively, which result was obtained ear l ie r by a more direct argument. 

The zero-cross ing frequency can readily be shown to be the limiting 
case of the level-crossing frequency for any level above zero. Thus far, 
the direction of crossing has not been defined; the false-alarm frequency 
is evidently identical with the level-crossing frequency in the positive direc
tion and hence comes to one-half the la t ter . 
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A P P E N D I X B 

Effect of L i n e a r F i l t e r i n g on C R M S t a t i s t i c s 

F o r o r d i n a r y p u r p o s e s , the p r i n c i p a l i n f o r m a t i o n d e l i v e r e d by a 
c o u n t - r a t e m e t e r is a vo l tage or c u r r e n t p r o p o r t i o n a l to the input r a t e , 
i . e . , t he f i r s t m o m e n t of the CRM t r a c e d i s t r i b u t i o n . In c o n n e c t i o n wi th 
t r a n s i e n t m o n i t o r i n g , h o w e v e r , th i s i n f o r m a t i o n is of l i t t l e i n t e r e s t , but the 
h i g h e r m o m e n t s of the t r a c e d i s t r i b u t i o n , which d e t e r m i n e the f a l s e - a l a r m 
f r e q u e n c y , a r e s ign i f ican t . It is thus g e n e r a l l y a d v a n t a g e o u s to d i s c a r d the 
f i r s t m o m e n t t h rough a dc blocking c a p a c i t o r . T o g e t h e r wi th the input r e 
s i s t a n c e of the following c i r c u i t (the CR d i s c r i m i n a t o r ) , t h i s c a p a c i t o r d e 
f ines a t h i r d t i m e cons tan t for the s y s t e m . In the body of t h i s r e p o r t , t h i s 
t i m e cons t an t was a s s u m e d to be l a r g e in c o m p a r i s o n wi th the o t h e r t i m e 
c o n s t a n t s and could thus be i gno red . Th i s a s s u m p t i o n is now d r o p p e d in 
o r d e r to c o n s i d e r the effect of a l i n e a r f i l t e r f ea tu r ing t h r e e a r b i t r a r y t i m e 
c o n s t a n t s , of which two a r e h i g h - p a s s f i l t e r s and one is a l o w - p a s s f i l t e r . 

The r e s p o n s e of such a n e t w o r k to a s ing le input p u l s e is r e a d i l y 
d e r i v e d , and m a y be w r i t t e n m o s t conven ien t ly in t e r m s of the h a l f - p o w e r 
f r e q u e n c i e s : 

a = l / T a , w h e r e Ta = dc blocking final c l ipping t i m e c o n s t a n t ; 

b = l / T b , w h e r e Tb = CRM t i m e c o n s t a n t ; 

and 

c = I / T J , , w h e r e T^. = i n t eg ra t i ng ( l o w - p a s s ) f i l t e r t i m e c o n s t a n t , * 

The c i r c u i t r y is a s s u m e d to i so l a t e each of t h e s e f i l t e r s t a g e s f rom 
the o t h e r s and thus f o r e s t a l l loading e f fec t s . 

We f i r s t r e q u i r e the r e s p o n s e H(t) of such a f i l t e r to a t r a n s i e n t , of 
d u r a t i o n T and m e a n n u m b e r of p u l s e s M, va l id for any t i m e t s T, and 
f u r t h e r the r e s p o n s e F(t) of the c i r c u i t to a s ing le vo l tage p u l s e AV i m 
p r e s s e d on the CRM bucket c o n d e n s e r . F o r p r e s e n t p u r p o s e s , we a r e m o r e 
o v e r i n t e r e s t e d chiefly in a f i l t e r of equa l f r equency r e s p o n s e b = c, 
w h e r e the final c l ipping lower cutoff f r equency is at f i r s t a r b i t r a r y , and 
then wi l l be spec i f i ed to be z e r o ( c o r r e s p o n d i n g to the t r e a t m e n t in t he tex t ) 
o r to be equa l to the o t h e r f r e q u e n c i e s , a = b = c. 

The designations a, b, and c, in preference to the usual symbols u)̂ , m^, and oi are used to avoid difficult-
to-read and readily misprinted subscripts. 



and 

For the general case. 

H(t) = cMAV I e ^ T . i j e -

^ a:^.c ( b - ' ( - - ) (B,IH) 

F(t) = cAV Y 
(b-a) (c - a ) ' 

a,b,c 

where the summation sign indicates all cyclic permutations 

Now, specifying b = c, one finds 

.bT 

(B . IF) 

H'(t) = MAV {^S{' -b t 

and 

F(t) = AV f^h 

bT 

-bt 
b - a L b 

Let a = 0; then Eqs . B,2H and B.2F become 

=,bT . 1 

- ^ [ l + ( b - a ) t ] - ^ . b T 

( e - ^ ' - e - b t ) 

] - - - ^ ••••}• 

H;(t) = MA Ve-btf? 
bT 

(1 + bt) - e bT 

and 

and 

Fi(t) = AVe'*"^bt, 

Similar ly, for the special choice a = b = c, 

H;(t) = (MAV/bT)[e-bnbt)V2 - e'^^^''^^ b^(t - T)V2] , 

F;( t) = AVe"''^bt(l - b t / 2 ) . 

(B,2H) 

(B.2F) 

(B.3H) 

(B.3F) 

(B,4H) 

(B,4F) 

These equations a re readily derived from circuit theory and need 
no further comment. We shall use them here to calculate the peak response 
to the t rans ient , H ^ a x ' ^^ well as the second moment of the t race d i s t r i 
bution and the t r ace slope distribution, from which we may infer the 
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zero-crossing rate, according to Appendix A. The first correction t e r m of 
the Edgeworth ser ies (discussed in Section V), another parameter influenc
ing the statistical quality of transient detection, will then be calculated. The 
full effect of the filter can then be estimated. 

The peak response for b = c, a = 0 had already been calculated; it 
comes to 

("i^max = MAV(hy)-' exp[-(h- 1) y ] , (B.5) 

where we introduce the notation 

h = (1 - e ' y ) ' (B.6) 

and 

y = bT, (B.7) 

For a = b = c, we differentiate Eq, B,4H and equate the result to 
zero, thus obtaining a quadratic equation for the peak t ime, (Equation B.4H 
describes a trace response with a maximum and a mininnum, s imilar to a 
doubly differentiated (DD-2) pulse-amplifier signal.) The maximum occurs 
at the time 

t ^ = b - ' ( l + y h - Z ) , (B,8) 

where 

Z = [ l+h (h - 1) y^]' ', (B.9) 

Inserting Eq, B.S into Eq, B,4H and rearranging, we find that 

^"b)max = ("i>max(Z " ') exp(Z - I) (B.IO) 

is the peak response for this special case . The factor (Z - 1) exp(Z - 1) can 
be readily estimated. An expansion of the root in Eq. B,9 yields 

Z = v^( l - y y 2 4 + yV480 - , , . ) ' ^^ (B, l l ) 

which clearly varies only slightly for values of the parameter y within the 
range of practical interest , 0 £ y := 1, Thus, to a reasonable approximation, 
we may put 

^"b )^ax= 0-"6( l -0 ,101y^)(H;)^^^ , (B.IO') 



The second m o m e n t of the d i s t r i b u t i o n g e n e r a t e d by r a n d o m input at 
r a t e n in a f i l t e r b = c, a = 0, h a s a l s o been c a l c u l a t e d b e f o r e ; it c o m e s 
to 

{Oo)' = n A V y 4 b . (B.12) 

A s i m i l a r c a l c u l a t i o n , apply ing C a m p b e l l ' s law to Eq . B . I F , y i e l d s the 
s econd m o m e n t for t h r e e g e n e r a l l y d i f ferent f i l t e r f r e q u e n c i e s a, b, and c : 

X^ = a' = n A V ^ c y 2 ( a + b)(a + c)(b + c) , (B.13) 

The s p e c i a l c a s e , a = 0, g iven by Eq . B ,12 , follows d i r e c t l y f rom Eq . B.IO; 
so a l s o does the c a s e a = b = c , for which 

ial)' = nAVyi6b, (B.14) 

The S y N r a t i o can thus be found for the l a t t e r c a s e , using E q s . B.IO' and 
B.14 , It a m o u n t s to 

R ; = 1 , 2 5 2 R ; ( 1 . ly^) . (B,15) 

in t e r m s of the a = 0 ( S / N ) r a t i o R^. Thus fa r , the effect of a s h o r t final 
c l i p p e r in c o m p a r i s o n to a v e r y low final f requency cutoff (a s 0) is a c e r 
ta in l o s s of s i g n a l , i . e . , t r a n s i e n t r e s p o n s e , a c c o m p a n i e d by a somewha t 
m o r e s e v e r e r e d u c t i o n in the r m s f luc tua t ions , which in fact a r e ha lved . 
A plot of the exac t r e s p o n s e funct ion, shown in F i g . B . l , r e v e a l s that for 
y > 1, Rb r a t h e r quickly d r o p s below R^. T^his does not a l t e r the fact that 
Rb > RQ within the r a n g e of p r a c t i c a l i n t e r e s t . 

Fig. B.l 
Filter Response to a Transient of Duration T. Curve a: 
Single high-pass RC element (Eq. 12). Curve b: One 
low-pass, one high-pass, filter (Eq, 20), Curve c: Two 
high-pass, one low-pass, elements (Eq. 23). Cutoff 
frequency of all elements is b» Tb"^. Broken line 
shows response of digital CRM with "memory" Tj, 
(Eq. 24). The normalized response (unit signal and 
background) is plotted against tfie parameter y •" bT; 
vertical scale is linear lo emphasize peak region de
tail. (A similar plot with logaritfimic scale is pro
vided in Fig. 4.) 
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The zero-cross ing frequency is given by Eq. A,7, Differentiating 
Eq. B.2F and solving the integral giving the mean square of the slope of the 
pulse response, or slope autocorrelation at zero delay, one finds, after 
some rearrangement , 

j " (dF/dt )^dt = AVV(b + 2a)/4(a + b)2 (B.16) 

for b = c, with arbi t rary final clipping frequency a. From this , the ze ro -
crossing frequency comes to 

fo = (b/2Tr)(l + 2a/b) '^^ (B.17) 

Comparing now a = b, and a = 0, the zero-cross ing frequency evidently 
increases by a factor oi./i for sharp clipping. This effect, which makes 
itself felt as increased input noise in pulse amplifiers that feature DD-2 
filtering, is hardly surprising. From the point of view of t ransient detection, 
this effect is bad news, but may be more than compensated for by the in
creased exponential factor (for y » 1). 

We shall now consider, finally, the effect of clipping on the d i s t r i 
bution and, more part icularly, consider how filtering can make this dis
tribution more symmetric with respect to the mean t race level. The 
deviation of an actual distribution from symmetric shape finds its expres 
sion in those t e rms of the Edgeworth ser ies that a re proportional to odd 
powers of the difference between output signal and mean output signal. 
These te rms also are multiplied by a "skewness" parameter , which is p ro 
portional to an odd moment of the distribution. 

In principle, the response F(t) can always be shaped to make all odd 
moments vanish, whereupon the t race distribution becomes at least sym
met r ic , if still not entirely Gaussian, This distribution can be secured with 
any F(t) that exactly repeats itself, with reversa l of the signal-voltage sign, 
such that F(t) folds into itself upon rotation through the zero-cross ing point 
by TT. (Such response shapes are available from any carefully constructed 
DD-2 pulse amplifier, and can therefore be made to order for a CRM 
channel, with a suitable scaling of the time dependence.) To the extent to 
which Campbell 's theorem is valid, all even moments are doubled, and all 
odd moments canceled, by this type of linear shaping, in comparison with 
the distribution that would result from only one-half the signal. This fact 
is intuitively plausible if one considers that the t race is the result of ran
domly superposing a large number of pulse responses F(t); as long as F(t) 
is synnmetric, the t race is also symmetr ic . Digressing somewhat from the 
task of investigating the simple final.clipping circuit under consideration, 
we may suppose that a filter is available that yields a response shaped like 
a single period of a sine wave, F(t) = AV sin (tut). The second moment of 
the t race made by a random input with such a filter is then 



X^ = (n-n/m) AV^ 

the z e r o - c r o s s i n g f r equency can r e a d i l y be found to be 

fi, = tt)/27r, 

and the t h i r d m o m e n t v a n i s h e s , a s is ev ident f rom i n s e r t i n g th i s pu l se shape 
in C a m p b e l l ' s equa t ion and i n t e g r a t i n g . 

P r o c e e d i n g now to e v a l u a t e the t h i r d m o m e n t for the e l e m e n t a r y c i r 
cuit d e s c r i b e d a b o v e , we t ake the r e s p o n s e given by Eq. B , 2 F with b = c 
and a a r b i t r a r y . I n t e g r a t i o n and c o n s i d e r a b l e r e a r r a n g e m e n t y ie lds 

X , = 
2nAV'b^ 8(a + b ) ' - 5ab 

27 (a + 2b) ' (2a + b ) ^ ' 
(B.16) 

Fig. B.2. Third Moment of Distribution, According 
to Eq. B. 16. The ordinate is proportional 
to the third moment: the abscissa indi
cates the lower cutoff frequency of the 
final high-pass filter. 

Equa t ion B.16, plot ted in 
F i g , B ,2 , r e v e a l s an i m p r e s s i v e de
c r e a s e of the t h i r d m o m e n t with in
c r e a s i n g lower cutoff f requency a. 
H o w e v e r , the s k e w n e s s p a r a m e t e r . 

Xj / (3 : )x 1 2 
2 ' 

i s ac tua l ly not s t rong ly affected by 
final c l ipping . F r o m Eq, B , 1 3 , we 
find the second m o m e n t for b = c. 
H e n c e , 

T(J)' 
8(a + b ) ' - 5ab 

(2a+ b)^ \a + Zh) 

(B,17) 

Equa t ion B.17 is plot ted in F ig . B . 3 . 
The s k e w n e s s of the d i s t r i bu t i on can 
a p p a r e n t l y be w o r s e n e d b y v e r y s t rong 
final c l ipp ing . In the light of the 
above r e m a r k s , the r e s p o n s e shape 
exh ib i t s r e l a t i ve ly the bes t s y m m e t r y 
for a = 0 .5b, but even at that point is 
not suff icient ly s y m m e t r i c to affect 
d i s t r i b u t i o n s k e w n e s s s ign i f ican t ly . 
T h i s c i r c u m s t a n c e s u g g e s t s that a 

t r a c e s y m m e t r i z a t i o n f i l t e r wi l l have to be d e s i g n e d ca re fu l ly , to m a t c h 

p o s i t i v e and nega t i ve e x c u r s i o n s p r e c i s e l y . 
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F o r t h e s p e c i a l c a s e s a = 0 a n d a = b = c , w e f i n d t h e s k e w n e s s 

p a r a m e t e r s 

So = 0.0987 >/b/n , (B.18) 

and 

(B.19) Sb = 0.889Si = 0.0%-mJ^JZ, 

r e s p e c t i v e l y . 

Suppose , h o w e v e r , tha t a delay can be f a b r i c a t e d tha t i n v e r t s and 
r e p e a t s the p u l s e , 

F(t) = (AV/2) b t e - l ' t , 

a f t e r some t i m e t^j. We have , t hen , 

F(t) = (AV/2) bte-*^*^; 0 £ t £ t^j; 1 

= (AV/2) b ( t - t d ) e-t'('^-*d); t^ < t < °°. J 

The u s u a l t r e a t m e n t by C a m p b e l l ' s law y ie lds the second m o m e n t , 

Xj = (nAVy8b) [ l +2(1 - b t d ) e - ' ^ ' d ] . 

(B.20) 

(B.21) 

a s w e l l a s t h e t h i r d m o m e n t , 

X3 = ( n A V y 7 2 b ) { 2 ( b t d - D ^'"^^d + [ 3 b t d ( b t d - 1) - ( b t ^ - 1) + I ] ^''^^d}. 

( B . 2 2 ) 

In t h e l i m i t of l a r g e d e l a y s , t h e s e c o n d m o m e n t i s t w i c e i t s v a l u e 
f o r a n u n r e p e a l e d p u l s e , * a n d t h e t h i r d m o m e n t v a n i s h e s . O n t h e o t h e r 

*0f height AV/2, for comparison. 
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hand, the choice b t j = I also doubles the second moment, but leaves a 
small residual third moment, X^ = nAV^/72e^b, The skewness parameter 
for this case comes to 0.0071(b/n) ^', which is more than an order of 
magnitude smal ler than the skewness with optimized double differentiation, 
although the actual pulse shape is not markedly different for these two 
f i l ters . This i l lus t ra tes the sensitivity of the odd moments (hence, 
skewness) to pulse-shape symmetry . 

The third t e rm in Edgeworth's expansion is again entirely conn-
posed of odd moments , A pulse shape that makes these moments either 
very small or zero thus allows in principle a somewhat greater reliance 
on the correct ion, which is then largely due to the fourth moment. This 
s tratagem therefore provides a more reliable estimate of the false-alarm 
frequency (as well as a reduction by a worthwhile amount in the actual 
fa lse-a larm frequency). 

In the time regime defined by the expected transient duration for a 
typical t ransient-detect ion system, e.g., the fuel-failure monitor, the shap
ing of pulses by means of delay lines is difficult and expensive, requiring 
multiple sonic delays or possibly readin and readout on a disc or tape 
magnetic memory with appropriate spacing between write and read heads. 
The digital system described ea r l i e r , although less flexible with regard to 
the maximum admissible count ra te , appears as a relatively less expen
sive and highly reliable alternative means of precise pulse shaping. For 
this reason, a test of this possibility through a computer simulation is 
planned for the future. 
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A P P E N D I X C 

A Note on an E x p a n s i o n Used in T h i s R e p o r t 

The r e s p o n s e of a f i l t e r with two equa l t i m e c o n s t a n t s Tb to a 
t r a n s i e n t of s t r e n g t h M and d u r a t i o n T is g iven by 

2M 1 - e"y -y 
exp "— 

M 

yN vT ey - 1 , / N 
Ui(y). (C. I ) 

w h e r e 

a n d 

N = nT = background (mean) dur ing t r a n s i e n t . 

The exponent -y/{e'^ - 1) in the above equa t ion can be e x p r e s s e d in a s e r i e s 
of B e r n o u l l i as fo l lows: 

y Biy^ B^y^ B j y ' 

, y . 1 2 2: 4 : 6: 
{C.2) 

with 

Bl = 1/6, 

Bz = l / 3 0 , 

B3 = 1/42, 

G e n e r a l l y , 

Bj^ = 2(2k); X (2^j) • 2 k 

J=o 

I n s e r t i n g Eq, C.2 into Eq , C , l and r e a r r a n g i n g y i e lds 

Ui(y) = ( 4 / e ^ ) sinh (y /2) exp I Bi,y^'^(-)V(2k)l 
k = i 

(C ,3 ) 
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For small values of y, the Bernoulli ser ies is also small in value; 
hence, the exponential t e rm may be dropped. For values of y near unity, 
one nnay expand the hyperbolic sine and obtain 

U,(y)= ( 2 V 7 / e ) [ l - y V 2 4 + l . l ( y y 2 4 ) ^ - 1.1 5(yy24) '+ ..,] . (C.4) 

The second and higher t e r m s are quite small , even for y values somewhat 
larger than unity. The se r ies can still be used without significant loss of 
accuracy for still la rger values, provided more te rms are included. This 
makes Eq. C.4 useful in conjunction with digital computation of a number 
of problems in which equations s imilar to Eq. C l occur, in view of the wide 
use of equal t ime-constant pulse processing. 



APPENDIX D 

Statistical Performance of Digital Count-rate Meters 

The false-alarmfrequency for transient detection is t reated in the 
body of this report on the basis of the continuous level and slope distr ibu
tions obtained with analog equipment. Digital count-rate me te r s , m con
t ras t , deliver an output consisting of small but finite steps, and thus r e 
quired discrete distributions for the development of fa lse-alarm-frequency 
formulas. 

The fact that digital circuits , based on certain logical connections 
of elementary "go/no-go" units, offer almost absolute long-term stability 
has been recognized for some time. Only recently, however, with the advent 
of integrated (single-chip) digital units, has the cost of constructing an ex
tensive logical network (required to provide the memory feature charac te r 
istic of count-rate meters) become low enough to make digital count-rate 
meters a practical possibility. These developments have similarly influenced 
the cost and availability of computers. This discussion of the stat ist ics of 
digital count-rate metering may thus apply equally to a fully integrated in
strument, or to a computer program through which s imilar basic circuit 
elements, incorporated in a computer, perform exactly the same function. 
As mentioned in the body of this report, the choice between on-line compu
tation and a separate instrument for a given transient monitor depends on a 
number of cost factors which are expected to vary greatly in the near future. 
A realistic appraisal must balance the relatively high cost of software and 
possible interfacing against the flexibility, availability for other tasks , and 
large memory of the computer, and consider, on the other hand, the advan
tage of compactness and direct accessibility for maintenance and testing of 
the developed instrument. The choice becomes even more difficult when one 
considers the possibilities of logical and/or multiplexing of several indepen
dent detector channels, as outlined in Chapter VII, Thus, a number of re la
tively simple digital circuits , employed in such a logic network, may well 
outperform a more sophisticated single digital count-rate meter in some 
particular transient-detection setup. 

To provide at least the framework for the task of optimizing digital 
processing equipment for a certain transient monitor, we shall derive false-
a larm formulas for an elementary count-rate measurement device (i.e., a 
cyclic count-and-dump scaler) as well as for an instrument that can be logi
cally developed from a number of such channels and includes a memory 
feature. Other more complex digital count-rate me te r s have been described 
in the l i terature. These instruments aim at the simulation of the perfor
mance of analog circuitry by providing the digilal equivalent of a condenser 
discharge; their fa lse-alarm frequency should thus be about the same as 
pertains to analog instruments (to the extent that the simulation is real is t ic) . 



A cyclic count-and-dump scaler , soinetimes referred to as a 
"digital count-rate mete r , " is , s tr ict ly speaking, an instrument of a 
somewhat different kind: information is delivered only at intervals 
and necessar i ly concerns a t ime average over the immediate past count 
interval, T^, beyond which there is no memory. In a transient monitor 
with a quasi-constant background input rate n and an expectation of M signal 
pulses within a short t ime span T, it is readily apparent that a very long 
counting interval will tend to bury the signal in a large background compo
nent nTj, = N, nnuch as is the case for analog circuitry treated in Chapter III. 
A counting interval comparable to T, on the other hand, involves the risk of 
splitting the signal between two intervals, such that neither count is sufficient 
to tr ip the a la rm level (a preset number of counts A, where N < A < M). 
This risk is lessened by feeding the input into two parallel channels, cycled 
out of phase, one of which is then more likely to contain the full number M 
within a single interval T^,, At the same time, the false-alarm frequency is 
necessar i ly doubled for this arrangement, while the mean announcement 
delay is shortened. Fur ther development of this stratagem leads to a sys
tenn consisting of M channels, for which the risk of missing the transient be
comes very small as M is made large, while the false-alarm frequency is 
commensurately increased. This kind of system is obviously unwieldy and 
may be replaced with a unit consisting of a shift register containing M bits 
and an add-subtract scaler , whose performance is described in Chapter III 
(or, in more detail, in Ref, 16), Each pulse is added to the scaler and also 
entered in the shift regis ter . At the end of an interval Tb = M/r , where r 
equals the shifting rate, the pulse emerges from the other end of the shift 
register and is subtracted. In comparison to an elementary analog count-
rate meter , this system produces a step increase of the output voltage which, 
instead of decaying exponentially, lasts at fulj height for a time Tfe, and then 
ceases abruptly. The second moment of the output t race can thus be com
puted from Campbell 's theorem with a "square-pulse" single-input response, 

F(t) = 1, 0 £ t £ Tb; 

= 0, t < 0 and t < T^. (D-0 

The slope distribution, on the other hand, is evidently not derivable from the 
time derivative of Eq, D,l , as will be considered further on. 

We shall now find the fa lse-alarm frequency for a count-and-dump 
channel, on the basis of a simple probabilistic model which assumes only 
that the input rate n is Poisson-distr ibuted, This assumption implies a 
mean scaler content N = nT^ and a variance also equal to N. The probabil
ity of finding K counts, Wj^, is given by 

W K = (NVK.')e-N. (D.2) 



The p r o b a b i l i t y of o c c u r r e n c e of a fa l se a l a r m thus c o m e s to the s u m 
00 

P f ( A ) = Z W j ^ . ( D . 3 ) 
K = A 

T o f ind a f a l s e a l a r m w i t h i n s o m e s e l e c t e d t i m e i n t e r v a l T^,, i t i s n e c e s s a r y 

t h a t t h e c o u n t j u s t p r e c e d i n g t h i s i n t e r v a l d o e s n o t t r i p t h e a l a r m , w h i l e t h e 

n e x t c o u n t d o e s . T h e f a l s e - a l a r m f r e q u e n c y , f, i s t h u s t h e p r o d u c t of t h e a d 

j o i n t p r o b a b i l i t i e s f o r t h e s e c o n d i t i o n s , d i v i d e d b y t h e i n s p e c t i o n i n t e r v a l T c ; 

t h a t i s , 

f = ^ t ^ K Z W ^ / T ^ . ( D . 4 ) 

K=o L=: A 

I t i s e x p e d i e n t t o e x p r e s s E q , D , 4 i n a m o r e c o n v e n i e n t f o r m . O n t h e a s s u m p 

t i o n t h a t K i s l a r g e , w e m a k e u s e of S t i r l i n g ' s t h e o r e m , t h r o u g h w h i c h t h e 

p r o b a b i l i t y W j ^ b e c o m e s 

W K ( e K - V ^ / 2 ^ ) ( N / K ) K . ( D . 5 ) 

I n t r o d u c i n g t h e p a r a m e t e r 

(3 = (K - N ) / y N ( D . 6 ) 

a n d t a k i n g l o g a r i t h m s , o n e f i n d s t h a t 

l o g W ( / 3 ) = / 3 v ^ - i l o g 27rN - ( N + / 3 y N + i ) l o g ( 1 + p / y N ) . ( D , 7 ) 

T h e l a s t t e r m of E q , D , 7 i s e x p a n d e d a n d s m a l l q u a n t i t i e s a r e d r o p p e d , 

w h e r e u p o n o n e o b t a i n s t h e G r a m - C h a r l i e r o r E d g e w o r t h r e p r e s e n t a t i o n of 

t h e P o i s s o n d i s t r i b u t i o n , in t e r m s of a G a u s s i a n a n d a c o r r e c t i o n s e r i e s a l 

r e a d y d i s c u s s e d in d e t a i l in C h a p t e r VI: 

W 5) = ( 2 7 r N ) ' ^ e " ' ^ ^ ^ ^ [ l + ( / 33 - 3 / 3 ) / 6 v ^ + , , , ] . ( D , 8 ) 

P r o c e e d i n g n o w t o f ind a n e x p r e s s i o n f o r t h e f a l s e - a l a r m f r e q u e n c y , w e r e 
p l a c e t h e s u m s in E q , D , 4 w i t h i n t e g r a l s , a p p r o x i m a t e l a r g e l i m i t s b y oo, a n d 
n e g l e c t 1 in c o m p a r i s o n w i t h A , M o r e o v e r , w e m a y d r o p t h e E d g e w o r t h 
s e r i e s f o r p u r p o s e s of o b t a i n i n g m e r e l y a r e a s o n a b l e a p p r o x i m a t i o n , a n d t h u s 
o b t a i n t h e s i m p l e e x p r e s s i o n 

i = ( i T e ) [ l - * ' ( U ) ] , ( D . 9 ) 

w h e r e 

u = (A - N)/ym (D.io) 



and <I> is the e r r o r function, introduced in Chapter IV. We note that Eq. D.9 
predicts a "zero-cross ing" frequency (U = 0), which is directly evident if one 
considers that there is an even chance for crossing, or not crossing, the 
mean N between any two randomly chosen intervals; another factor of 2 is 
obtained when crossing is counted in only one direction. 

For large values of the argument U, on the other hand, Eq D,9 
may be expressed in a suitable expansion which converges fairly rapidly, 

f = [n/27TT^(A-N)^]2[l - N / ( A - N ) 2 + .. .]e-''^-'^'>^^'^ • (D.9') 

Equation D,9' shows a part icularly steep decline of the false-alarmfrequency 
with level above mean, A - N , and with the count interval T ,̂- This perfor
nnance is so good that it suggests the practical possibility of two out-of-phase 
channels, as considered above. 

We turn now to the fa lse-a larm frequency of an assembly of M such 
count-and-dump channels, arranged to cycle at evenly spaced intervals, 
which also applies to the digital count-rate meter described in Ref. 16, or 
to an analog count-rate meter that develops square pulses. This false-
alarm frequency is evidently smaller than M times the rate obtained from 
Eq, D,9', since a false a larm, when it occurs, will probably appear in several 
of the M channels, yet such an a larm should be counted only once. We shall 
use the digital count-rate meter as a basic model for developing a false-
alarm-frequency formula, and note that the number of pulses stored in the 
shift regis ter at any time must always be exactly equal to the number appear
ing in the add-subtract scaler . The situation we are considering has a 
strong resemblance to certain aspects of Qufcuing Theory, a subject covered 
by "an incredibly voluminous l i tera ture ," to quote a remark by Feller . A 
search of this l i tera ture for the solution of the exact problem posed here 
turned out, never theless , to be unavailing. The development given below is 
therefore not based on previously published work--admitting the possibility 
that a more exhaustive search may discover a treatment of a closely similar 
problem in traffic control, design of a servicing facility, or telephone 
communications, 

We shall assume that the number of available shift register bits M is 
considerably la rger than the mean number N of occupied bits. The system 
thus has a negligible digital dropout; that is, the chance that two inputs ar r ive 
within the shifting period l / r is very small . (For a practical unit, such a 
second pulse can be temporar i ly stored; hence the digital dropout is a man
ageable problem even at high input ra tes , as discussed in Ref, 16.) For 
every shift, the system plays a coin-tossing game, with an a priori probabil
ity n / r of "success" and adjoint probability 1 - n / r of "failure," Hence, 
the probability of finding exactly K pulses stored m the shift register 
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and t h e r e f o r e a l s o in the s c a l e r ) i s g iven by a b i n o m i a l r a t h e r than a P o i s s o n 

d i s t r i b u t i o n law, 

Pl^(K) = { M y [ ( M - K ) ! K , ' ] } ( N / M ) K [ I . ( N / M ) ] M - K . ( D , l l ) 

(Note that n / r = N / M ) 

A fa lse a l a r m o c c u r s w h e n e v e r the s t o r e , upon the c o m p l e t i o n of a 
g a m e , happens to conta in exac t ly A - 1 even t s and the next g a m e r e s u l t s in 
adding a n o t h e r event . Th i s f u r t h e r i m p l i e s tha t the g a m e p layed T j e a r l i e r 
had a nega t ive r e s u l t , such tha t the shift r e g i s t e r does not l o s e one event a t 
i ts d e l i v e r y end whi le it a c q u i r e s a new one at i t s r e c e i v i n g end. F i n a l l y , the 
in spec t ion i n t e r v a l for th i s s i tua t ion has been s h o r t e n e d to T ^ / M , w h e n c e the 
f a l s e - a l a r m f requency c o m e s to 

f = ( M / T d ) [ l - ( N / M ) ] ( N / M ) P M . I ( A - 1) 

= ( A / T d ) [ l - ( N / M ) ] P I ^ ( A ) , (D,12) 

As b e f o r e , t h i s can be r e a d i l y p r o c e s s e d by S t i r l i n g ' s f o r m u l a and the 
T a y l o r - M c L a u r i n expans ion . We f u r t h e r i n t r o d u c e t he a l a r m - l e v e l 
p a r a m e t e r 

A = N + j3 a, {D-13) 

w h e r e 

CT = y [ l - ( N / M ) ] N (D.14) 

is the v a r i a n c e of the b inomia l d i s t r i b u t i o n given by Eq. D , l l , After s o m e 
man ipu la t ion , ^ve obta in the E d g e w o r t h r e p r e s e n t a t i o n , 

f = [1 - ( N / M ) ] ( N + /3a) | e - f^'^'/T^(ZTJa)^\ 

x | l + 0 3 . 3 ( 3 ) [ i . ( 2 N / M ) y 6 a ' + . . . l , (D.15) 

Dropping s m a l l q u a n t i t i e s , we obta in 

f =vVI^e-P^/^; 

/3 = (A - N ) / y N , (D,16) 

As a l r e a d y s u g g e s t e d , th i s f a l s e - a l a r m f requency is c o n s i d e r a b l y h i g h e r 
than tha t for a s ing le c o u n t - a n d - d u m p channe l , g iven by Eq, D - 9 , On the 
o the r hand, the de t ec t i on p r o b a b i l i t y for the M - c h a n n e l i n s t r u m e n t i s , signif
icant ly i m p r o v e d . 



Equation D.16 can be derived also on the basis of the square-pulse 
count-rate meter model, for which we may take the argument of Campbell 
and Franc i s , as expressed m Eq, 28: 

'X f = P(a) / sP{s) ds, (D.l 7) 

where 

P(a) = e-Z^^y^^;^ p j8, 

is the level distribution probability. The slope distribution, P(s), is given 
by a sum of delta functions. Realistically supposing that the square pulses 
actually have trapezoidal shape with constant rise and fall slope Sj, we can 
put 

P(s) = b[6(s- So) + 6(s+so)] + (1 - 2b) 6(s). (D.19) 

The weighting constant b is the probability that a random sampling of the 
t race will catch the t race while rising or falling, 

b = n/so- (D,20) 

The second moment of the level distribution may be calculated with response 
F(t) given by Eq, D, l , to a sufficient approximation; this yields simply 

o' = nT j , « (D.21) 

After inserting Eqs, D.18-D,21 into Eq, D.17 and integrating over all posi
tive slopes, one finds a fa lse-a larm frequency given exactly by Eq. D.16. 

To sum up, fa lse-a larm formulas can be readily derived for digital 
count-rate me te r s and/or simple count-dump cyclic sca lers . The latter 
formulas may then be modified to find the fa lse-alarm frequency for several 
out-of-phase cyclic sca le rs , and either type of count-rate processor can 
further be deployed in an A N D / O R logic system deriving input from several 
statist ically independent channels. The entire system can be constructed as 
a separate instrument or as a computer interface, or produced entirely 
through programming. These possibilities offer a wide range of choices; 
indeed, the optimization of such a system itself appears to require extensive 
programming of a computer. As in other applications of systems analysis, 
this process may be expedited by programming a sinnulation of the problenn 
instead of developing solutions to equations that (as frequently s t ressed in 
this report) tend to break down when certain limits a re reached by the input 
p a r a m e t e r s . Such a simulation program offers the further advantage that it 
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can readily be adapted to on-line processing of a surveillance or scanning in
strument. The cost of this investigation must be weighed against the poten
tial cost of failure of a surveillance system. In that connection, it may be 
emphasized once more that it is not enough to nnaintain all instrument com
ponents of such a system in excellent operating condition, but that time con
stants and alarnn levels (i,e., the detection strategy) must be optimized as 
well in order to provide the best margin of safety. 



APPENDIX E 

Information Process ing and Display System Design 

In connection with the general description of transient detection sys
tems of various types presented in Section II, some of the means of display
ing fast t rans ients a re described in somewhat more detail here , to 
i l lustrate the strong influence of input parameters on equipment design. 

For most of the vehicular a rea-survey systems, the duration of 
the t ransient may amount to at least several seconds. Hence a conventional 
count-rate me te r , filter circuit , and pen recorder a re entirely adequate and 
probably preferable to more elaborate p rocessors . Several channels can be 
readily combined, possibly along lines suggested in Section VI, or several 
channels featuring different time constants employed m parallel. The sta
bility of the equipment can be checked against a standard source at suitable 
intervals , or a feedback stabilizing system devised. 

Survey systems operating under conditions where the time consumed 
by a survey must be minimized (while no limitations exist on the sweep 
speed) may yield t ransients that are substantially shorter than the response 
of pen r e c o r d e r s . Such equipment is nowadays frequently designed for 
computer control. Hence, processing can be most efficiently carr ied out in 
the digital regime, through suitable programming. The program must pro
vide a digital count-rate meter routine for each input channel, with certain 
time constants , warning levels, and other pa ramete r s . Display, either con
tinuous or on demand, can be provided by a cathode-ray tube. Signal en
hancement can be effected where this is useful; for other purposes, a s , for 
example, certain track-scanning tasks , it m»y be sufficient to write a 
signal-recognition program such that the computer calculates and/or plots 
the number of t racks per unit area without on-line display 

The processing of t ransients from a fuel-failure monitor appears 
to be intermediate between the two above-mentioned applications so far as 
transient duration is concerned. Chart recorders of the potentiometric 
feedback type, with a typical response time of I sec, a re clearly incapable 
of displaying fractional-second t rans ients , while the great speed of com
puter processing is wasted on channels whose normal count rate is only 
10-lOO/sec. At the same t ime, continuous duty and immediate display of 
any t ransient a re required, while input inlormation which is clearly estab
lished as background only can be discarded after some storage period, 
A permanent record is wanted only when a transient o r - u r s . 

All these features can be provided by a computer, with a digital 
processing program and oscilloscope display Permanent display is avail
able by means of tape or digital printout, chart or graph-writing equipment 
or photograph of the oscil loscope: the latter can be taken on command of 
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an a la rm discriminator, while the other, slower outputs can be obtained 
at any later t ime, assuming that e rasure of the t ransient , stored in the 
memory in digital form, is also inhibited by the a la rm. The cost of such 
a system is , however, rather high. Where a large computer already exists 
for purposes of processing other instrument channels, the additional cost 
of memory capacity, interfacing and software for the fuel failure channels 
may be modest in comparison with the cost of the whole system. When 
such computer capacity is not provided, (as was the case for EBR-II), a 
specially designed information processor may be a reasonable solution. 
Such a system, described in detail in Ref, 23, was originally designed for the 
FERD loop 

In that processor , incoming counts are directly written on magnetic 
tape and also fed to a count-rate meter with attached a larm discr iminator . 
After a certain delay, the tape passes over a readout head and thence into 
a magazine with about 5 min maximum storage capacity. Upon emerging 
from the magazine, the record is erased just ahead of the write head If 
an a la rm is given, the paper feed and light intensity of a fast light-writing 
chart recorder are turned on, such that the written record s tar ts 1-2 sec 
ahead of the transient and then displays the whole t ransient . This readout 
can be repeated a number of t imes by interrupting both e rasu re and input 
and thus preserving the record. The whole system operates on two inde
pendent channels. 

This relatively simple and inexpensive device allows recording at 
a paper feed rate which (if left on continuously) would consume several 
miles of paper per day, yet is required for a clearly recognizable record of 
fractional second effects. It also provides limited storage of t ransients in 
digital form. Its chief drawback appears to lie in the difficulty of secur
ing continuous operation with minimum maintenance: presently avail
able magnetic tape tends to wear badly in a continuous loop magazine and 
requires occasional replacement Improved tape quality, which now appears 
to be a strong possibility, or mechanical design improvements which r e 
duce wear should overcome this difficulty. On the other hand, a digital 
delay system, using shift regis ters which have recently come down con
siderably in cost, may well be preferred. This system would be employed 
in conjunction with a digital processor , of a total cost intermediate be
tween that of a tape/analog unit and that of a computer. 
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